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ABSTRACT 
An o u t d o o r s i t e a d j o i n i n g Durham Obs e r v a t o r y was i n s t r u m e n t e d 
t o measure the atmospheric p o t e n t i a l g r a d i e n t and p r e c i p i t a t i o n 
c u r r e n t a t the ground d u r i n g p e r i o d s o f s t e a d y , q u i e t p r e c i p i t a t i o n . 
A system was c o n s t r u c t e d t o a u t o m a t i c a l l y r e c o r d these q u a n t i t i e s 
and t o p r e s e n t the d a t a i n a f o r m s u i t a b l e f o r i n p u t t o a computer. 
E x a m i n a t i o n o f most p e r i o d s of q u i e t p r e c i p i t a t i o n between 
January and June 1972 shows t h a t r a i n i s u s u a l l y p o s i t i v e l y 
c h a r g e d , w i t h the p o t e n t i a l g r a d i e n t b e i n g n e g a t i v e , w h i l e d u r i n g 
snow these s i g n s are reversed.There i s n e a r l y always s i g n i f i c a n t 
c o r r e l a t i o n between the two e l e c t r i c a l q u a n t i t i e s , w i t h d u r i n g 
ran i n v a r i a t i o n s i n p o t e n t i a l g r a d i e n t most o f t e n l e a d i n g those 
i n p r e c i p i t a t i o n c u r r e n t by s e v e r a l m i n u t e s ; d u r i n g snow the 
p r e c i p i t a t i o n c u r r e n t leads by a s i m i l a r amount.These two e f f e c t s 
correspond t o the s o - c a l l e d " i n v e r s e r e l a t i o n " and "mirror-image-
e f f e c t " o f t e n quoted i n p r e v i o u s worlc. 
These r e s u l t s are shown t o be c o n s i s t e n t w i t h the p r e c i p i t a t i o n 
charge b e i n g due t o two c h a r g i n g processes,one a c t i n g on s o l i d 
p r e c i p i t a t i o n w i t h i n the cloud,and the second occurring d u r i n g the 
m e l t i n g of snow t o r a i n . E x a m i n a t i o n o f a e r o l o g i c a l d a t a shows t h a t 
the time l a g s between c o r r e s p o n d i n g v a r i a t i o n s o f t h e e l e c t r i c a l 
q u a n t i t i e s can be e x p l a i n e d d u r i n g r a i n by the e f f e c t s o f the wind 
shear between the c l o u d and t h e ground on the f a l l i n g p r e c i p i t a t i o n . 
The d i f f e r e n t e l e c t r i c a l b e h a v i o u r of a few p e r i o d s of 
p r e c i p i t a t i o n can be e x p l a i n e d by ,the e f f e c t s o f a slow-moving 
c l o u d where e l e c t r i c a l development i s t a l c i n g place , r a t h e r t h a n by 
a p a s s i n g c l o u d w i t h c o n s t a n t e l e c t r i c a l a c t i v i t y . 
Comparison of p e r i o d s of q u i e t p r e c i p i t a t i o n w i t h " d i s t u r b e d " 
periods,when the e l e c t r i c a l a c t i v i t y i s much g r e a t e r , s u g g e s t s 
t h a t the t r a n s i t i o n t o d i s t u r b e d p r e c i p i t a t i o n occurs when the 
r a t e o f e l e c t r i c a l s i g n r e v e r s a l s exceeds 2 per hour and the 
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p r e c i p i t a t i o n r a t e exceeds 1-0 mm h r . The c o n n e c t i o n between t h e 
degrees of e l e c t r i c a l and m e t e o r o l o g i c a l a c t i v i t y agrees w i t h 
the s u g g e s t i o n t h a t the e l e c t r i c a l a c t i v i t y r e f l e c t s t h e degree 
o f atmospheric s t a b i l i t y w i t h i n the c l o u d . 
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The Study of Quiet P r e c i p i t a t i o n E l e c t r i f i c a t i o n 
1o1 I n t r o d u c t i o n 
Cloud and p r e c i p i t a t i o n e l e c t r i f i c a t i o n i s s t u d i e d 
t o discover the nature of charge separation and t r a n s f e r 
i n the cloud and the f r e e atmosphere, and how these 
processes are r e l a t e d t o the p r e v a i l i n g meteorological 
c o n d i t i o n s . Cloud e l e c t r i f i c a t i o n i s most evident, of 
course, i n the thundercloud, where the e l e c t r i c a l and 
accompanying meteorological e f f e c t s can c o n s t i t u t e one 
of the most v i o l e n t and hazardous of weather phenomena.* 
Un f o r t u n a t e l y , the thunderstorm i s a d i f f i c u l t subject 
of study, and so a precise knowledge of the processes 
leading t o the intense charging of the thundercloud has 
yet t o be obtained. Continuous, non-stormy p r e c i p i t a t i o n 
o f f e r s much s t e a d i e r c o n d i t i o n s i n which cloud e l e c t r i f -
i c a t i o n can be s t u d i e d , but has received much less a t t e n t i o n 
despite i t s more frequent occurrence i n many parts of the 
world. V'/hile the e l e c t r i c a l e f f e c t s associated w i t h such 
p r e c i p i t a t i o n are considerably smaller i n magnitude than 
those observed i n the thundercloud, knowledge of the 
e l e c t r i c a l processes i n " q u i e t " p r e c i p i t a t i o n may give an 
i n d i c a t i o n of possible processes i n the thundercloud, more 
p a r t i c u l a r l y i n i t s e a r l i e r stages of development. Also 
there i s i n c r e a s i n g evidence t h a t , i n most types of cloud, 
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e l e c t r i c a l processes may be an important f a c t o r i n the 
growth and release of p r e c i p i t a t i o n . 
The observation t h a t q u i e t p r e c i p i t a t i o n c a r r i e s down 
charge to the Earth's surface means t h a t i t makes a c o n t r i b -
u t i o n to the t r a n s f e r of charge between the atmosphere and 
the Earth's surface, and influences the maintenance of the 
Earth's charge. While the charge t r a n s f e r r e d d u r i n g a 
thunderstorm i s considerably gr e a t e r , the more frequent 
occurrence of qu i e t p r e c i p i t a t i o n over much l a r g e r areas of 
the Earth's surface may lead t o a s i g n i f i c a n t t r a n s f e r of 
charge by t h i s means* 
Throughout the present work, the d e s c r i p t i o n " q u i e t " 
w i l l be reserved f o r periods of continuous p r e c i p i t a t i o n 
where v i o l e n t or frequent v a r i a t i o n s i n e l e c t r i c a l a c t i v i t y 
are absent, and the magnitude of the a c t i v i t y i s small. 
Continuous p r e c i p i t a t i o n which cannot be described as " q u i e t " 
w i l l be termed " d i s t u r b e d " . 
1.2 Observations of q u i e t p r e c i p i t a t i o n e l e c t r i c i t y 
1 *2o1 Early observations 
ELSTER and G3ITEL (1883) and SIMPSON(I9O9) were among 
the e a r l i e s t workers t o f i n d t h a t the atmospheric p o t e n t i a l 
g r a d i e n t i s d i f f e r e n t i n steady p r e c i p i t a t i o n from t h a t i n 
fa i r - w e a t h e r c o n d i t i o n s 9 and of t e n of opposite s i g n . Thus 
steady r a i n v/as found t o produce excesses of p o s i t i v e charge, 
w i t h the p o t e n t i a l g r a d ient generally being negative. 
SCRASE (1938) and CHALMERS and LITTLE(1940) quoted cases of 
p o s i t i v e r a i n charge and negative p o t e n t i a l g r a d ient c o n t i n u -
i n g f o r long periods. The observation t h a t the p r e c i p i t a t i o n 
charge and p o t e n t i a l , gradient are of opposite s i g n has been 
termed the "inverse r e l a t i o n " , although s t r i c t l y t h i s would 
mean they were i n v e r s e l y p r o p o r t i o n a l . 
1.2.2 T h e . e l e c t r i f i c a t i o n of q u i e t r a i n 
During periods of steady, q u i e t r a i n , p o t e n t i a l g r a d i e n t 
values r a r e l y exceed 1500 Vm"^ " i n magnitude, while the 
p r e c i p i t a t i o n c u r r e n t density has values t y p i c a l l y of up to 
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30 pAm although higher currents of up t o 100 pAni " are 
sometimes observed. By comparison, i n heavy showers or 
storms, currents of up to 10 000 pAnf" have been measured, 
w i t h p o t e n t i a l gradients at the earth's surface of 10 000 
•-1 
Vm or more. 
The t o t a l v e r t i c a l c u r r e n t d e n s i t y d u r i n g steady r a i n , 
i n c l u d i n g the atmospheric conduction c u r r e n t and any e f f e c t s 
of splashing, has been found by CHALMERS(1956) t o be u s u a l l y 
p o s i t i v e downwards, t h a t i s of the same sig n as the p r e c i p i t -
a t i o n c u r r e n t . Since the p o t e n t i a l g r a d i e n t was u s u a l l y 
negative a t the time, the p r e c i p i t a t i o n c u r r e n t appears t o 
be the predominant c u r r e n t . 
SIMPSON (1949) found t h a t not only did the r a i n c u r r e n t 
and p o t e n t i a l g r a d i e n t u s u a l l y have opposite signs, but t h a t 
when c o n d i t i o n s were not changing v i o l e n t l y any change i n 
sign occurred nearly simultaneously f o r both records. This 
was termed the "mirror-image" e f f e c t , because time v a r i a t i o n s 
of the r a i n c u r r e n t and p o t e n t i a l g r a d i e n t appeared as m i r r o r 
images of each other, about e i t h e r the zero l i n e or one 
p a r a l l e l t o i t . Later work, such as t h a t of RAMSAY and 
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CH AL.VERS (1960) , showed t h a t appreciable time clifferenceo 
of up t o several minutes could e x i s t between corresponding 
fe a t u r e s on records e x h i b i t i n g the mirror-image e f f e c t . 
The e f f e c t was then most noticeable f o r one or other record 
s h i f t e d by t h i s time d i f f e r e n c e (Fig.1.1). Both the p o t e n t i a l 
g r a d i e n t and p r e c i p i t a t i o n c u r r e n t have been seen t o lead the 
other on d i f f e r e n t occasions; there i s evidence, however, 
t h a t the p o t e n t i a l gradient leads more o f t e n during r a i n . 
1.2.3 The_.e le c t r i f i c a t i on of q u i et..s n ow 
Observations d u r i n g q u i e t " snow have been much fewer i n 
number, but 3IMPS0N (1%9) reported an o v e r a l l negative charge • 
on ' snow and a p o s i t i v e p o t e n t i a l g r a d i e n t . ChALMERS (1956) 
confirmed t h i s , f i n d i n g an average p r e c i p i t a t i o n c u r r e n t density 
of - 3*5 pAm du r i n g steady snow compared w i t h + 3-# pAm-2 
during steady r a i n . The presence of blowing or wet snow 
us u a l l y produces d i f f e r e n t r e s u l t s . REITER (1965) found 
s i m i l a r r e s u l t s f o r steady s n o w f a l l . 
The m i r r o r image e f f e c t has been observed duri n g snow, 
but u s u a l l y w i t h the p r e c i p i t a t i o n c u r r e n t v a r i a t i o n s leading 
(RAMSAY and CHALMERS, I 9 6 O ) . 
1o3 Charging processes i n steady p r e c i p i t a t i o n 
1.3•1 The l o c a t i o n of charging processes 
The observed charging of both r a i n and snow may be due 
t o processes operating i n or- below the cloud, or a t the ground. 
CHALMERS (1956), however, argued t h a t i n the case of snow, 
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there i s charge separation close to the ground. This 
conclusion i s supported by "leasurements on i n d i v i d u a l snow-
f l a k e s , which show them to be charged long before they reach 
the ground. 
Chalmers f u r t h e r 1 argued t h a t most p r e c i p i t a t i o n which 
reaches the ground as r a i n w i l l have been i n the s o l i d s t a t e 
d u r i n g p a r t of i t s time i n the cloud. Any charge separation 
process i n the cloud w i l l then operate whether the p r e c i p i t a t i o n 
reaches the ground as r a i n or snow, and so a second charging 
process i s re q u i r e d i n the case of r a i n , which reverses the 
sign of the o r i g i n a l p r e c i p i t a t i o n charge. This second process 
must be of greater magnitude and of opposite sign t o t h e process 
i n the cloud, and operate at or below the me J. t i n g l e v e l . 
1 ° 3«2 " I n f l u e n c e " theories of charge separation 
Early t h e o r i e s of cloud e l e c t r i f i c a t i o n were mostly of 
the " i n f l u e n c e " type, i n v o l v i n g the s e l e c t i v e capture of ions 
by p r e c i p i t a t i o n f a l l i n g i n a v e r t i c a l p o t e n t i a l g r a d i e n t . 
ELSTER and GEITEL (1913) proposed t h a t raindrops would become 
p o l a r i z e d i n a p o s i t i v e p o t e n t i a l g r a d i e n t , such as e x i s t s i n 
fair - w e a t h e r c o n d i t i o n s , so t h a t cloud d r o p l e t s rebounding 
from the bottom of the f a l l i n g r a i n d r o p would carry away p o s i t i v 
charge, l e a v i n g the drop w i t h a negative charge. The f a l l i n g 
drops, i n c a r r y i n g t h e i r negative charges towards the cloud 
base would enhance the e x i s t i n g p o t e n t i a l g r a d i e n t i n the 
cloud. This theory was l a t e r extended t o the case of f a l l i n g 
ice c r y s t a l s by CHALMERS (1947). 
WILSON (1929) proposed t h a t , under c e r t a i n conditions,an 
e l e c t r i c a l l y p o l a r i z e d raindrop would acquire a net charge by 
a process of s e l e c t i v e i o n capture. A drop f a l l i n g through 
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a p o s i t i v e p o t e n t i a l g r a d ient more r a p i d l y than the p o s i t i v e 
ions, fav example, would acquire a negative charge which then 
tends t o increase the e x i s t i n g p o t e n t i a l g r a d i e n t . A 
mathematical theory of the process has been developed by 
WHIPPLE and CH ALmERS (1%4)» and confirmed experimentally by 
AI.5BA3 and LATHAM (I967). 
1. 3 • 3 E l e c t r i f i c a t i o n . a s s o c i a t e d .with .the f r e e z i n g and 
me l t i n g of water. 
I t has been suggested by CHALMERS (1956) t h a t because at 
l e a s t two charging processes., of opposite d i r e c t i o n and 
magnitude are in v o l v e d i n continuous r a i n , they might be 
converse processes, one being a f r e e z i n g process and the other 
a m e l t i n g process. A possible f r e e z i n g process could be 
th a t suggested by WORKMAN and REYNOLDS (1950), i n which the 
p a r t i a l g l a z i n g of supercooled water d r o p l e t s on f a l l i n g ice 
p a r t i c l e s r e s u l t s i n p o s i t i v e charges being thrown o f f on the 
fragments of the water d r o p l e t s , w i t h a negative charge 
remaining on the i c e . The charges would be separated due t o 
the g r a v i t a t i o n a l separation of the i c e p a r t i c l e s and the 
water droplets.. 
MASON (1953) put forward a theory s i m i l a r t o t h a t of 
Workman and Reynolds, but i n v o l v i n g the r i m i n g of cloud 
d r o p l e t s on f a l l i n g i ce p a r t i c l e s . P o s i t i v e charge was 
ejected i n t o the a i r as ions, r a t h e r than on fragments of 
water splashing o f f . LATHAM and MASON" (1961) modified the 
theory, w i t h the p o s i t i v e charge being c a r r i e d o f f on small 
ice s p l i n t e r s ejected d u r i n g the f r e e z i n g of the d r o p l e t s . 
E l e c t r i c a l charging d u r i n g the m e l t i n g of ice was found 
by DINGER and GUNN (I946), who passed a l i g h t c u r r e n t of a i r 
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ovcr me l t i n g i c e , producing p o s i t i v e charge i n the melt 
water and negative charge i n the a i r . MAGONO and KIKUCHI 
(1963, 1965) melted f r e e l y f a l l i n g n a t u r a l snow c r y s t a l s 
and also found p o s i t i v e charging t o r e s u l t . The separa t i o n 
of charge was found by IRIBAENE and MASON (1967) t o r e s u l t 
from the b u r s t i n g of a i r bubbles released from the ice during 
m e l t i n g . The amount of charge appeared t o be s e n s i t i v e t o 
the presence of i m p u r i t i e s i n the i c e , the r a t e of m e l t i n g , 
and the o r i g i n a l - r a t e of f r e e z i n g of the ice specimen. 
DRAKE (1963) however, found t h a t the e f f e c t s of i m p u r i t i e s 
were d i f f e r e n t i n a w e l l - v e n t i l a t e d specimen. 
1 . 3 «> 4 Ice impact e l e c t r i f i c a t i o n 
Charge separation connected w i t h the impact of ice 
c r y s t a l s was f i r s t suggested by SIMPSON (1919) t o account 
f o r large p o s i t i v e p o t e n t i a l gradients observed.by him i n 
b l i z z a r d s . SIMPSON and 3CRASE (1937) suggested t h a t the 
impact of i c e c r y s t a l s would lead t o a negative charge on 
the i c e fragments and a p o s i t i v e charge, i n the form of 
ions, i n the a i r . Generally, however, observational evidence 
about charge separation by i c e impact has shown l i t t l e 
agreement. 
Later work, such as t h a t of LATHAM (1963), has explained 
ice impact charging i n terms of th e r m o e l e c t r i c e f f e c t s produced 
by temperature gradients i n the i c e p a r t i c l e s . 
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1. 3• 5 E l e c t r i f i c a t i o n produced by_ the rupture of water drops 
Separation of charge produced ta/ the d i s r u p t i o n of water 
drops was noted by LENARD (1G9'2)I who found t h a t the spray 
from the base of a w a t e r f a l l 'was p o s i t i v e l y charged, while 
the mists of small d r o p l e t s had an o v e r a l l negative charge. 
SIMPSON (1909) e s t a b l i s h e d t h a t the breaking of drops i n a 
strong v e r t i c a l a i r cur r e n t also produced strong p o s i t i v e 
charging of the la r g e fragments, w i t h the surrounding a i r 
having an excess of negative i o n i c charge. Later work, 
such as t h a t of CHAPMAN (1952), has i n d i c a t e d that the charge 
generated depends on the violence of the d i s r u p t i o n of the 
drop. 
SMITH (1955) attempted t o e x p l a i n the observed behaviour 
of the p o t e n t i a l g r a d i e n t and p r e c i p i t a t i o n c u r r e n t at the 
ground i n terms of charging due t o the splashing of raindrops 
at the ground, which would be- expected t o give a negative 
charge t o the a i r and a p o s i t i v e charge t o the splashed water'. 
The break-up of la r g e , f r e e l y - f a l l i n g water d rops i n 
s t i l l a i r has been found by MATTHEWS and MASON (I964) t o 
produce e l e c t r i f i c a t i o n , p a r t i c u l a r l y i n a. large p o t e n t i a l 
g r a d i e n t s . The break-up of large unstable drops formed from 
melted snowflakes may thus produce e l e c t r i f i c a t i o n . 
1o 3 «6 Processes r e l e v a n t to qu i e t p r e c i p i t a t i o n 
The few observations which have been made of the charge 
d i s t r i b u t i o n i n nimbostratus clouds producing steady p r e c i p i t -
a t i o n (see Sec.2.2) i n d i c a t e t h a t charging occurs mostly i n 
the 0° C t o -12° C re g i o n , where l i q u i d and s o l i d p a r t i c l e s 
most probably c o e x i s t . The r i m i n g of cloud d r o p l e t s on 
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f a l l i n g i c e p a r t i c l e s would be most l i k e l y t o occur i n t h i s 
r e g ion; processes i n v o l v i n g g l a z i n g are l i k e l y t o be import-
ant only at lower temperatures. 
CHALMERS (196?), however, pointed out t h a t i c e impact 
t h e o r i e s lead t o the expectation of much l a r g e r e f f e c t s i n 
the very t u r b u l e n t cumulo-nimbus cloud than the q u i e t nimbo-
s t r a t u s cloud, as i s indeed observed. Ice impact charging i s 
c e r t a i n l y possible i n the r e g i o n of the cloud where charging 
i s observed t o be g r e a t e s t ; i t i s also possible, though, at 
higher l e v e l s . 
E l e c t r i f i c a t i o n almost c e r t a i n l y occurs on m e l t i n g , 
w i t h the Dinger - Gunn process being the most l i k e l y mechanism. 
Break-up of water drops could cause charging, however, i f 
snowflakes melted t o produce l a r g e , unstable, water drops 
which subsequently d i s i n t e g r a t e . 
Ion capture processes op e r a t i n g beneath the cloud are 
u n l i k e l y t o be important, as these processes appear t o be 
at l e a s t an order of magnitude too small t o produce the 
observed e l e c t r i f i c a t i o n . I n the absence of high p o t e n t i a l , 
gradients or heavy r a i n , splashing a t the ground i s also 
u n l i k e l y t o be of importance (ADK.IWS, 1959) • 
1*4 Charge t r a n s f e r i n the atmosphere 
I t has been postulated by many workers t h a t the Earth 
can be considered as t h e inner e l e c t r o d e of a g i a n t s p h e r i c a l 
condenser, the outer- electrode being the "electrosphere", 
a h i g h l y i o n i z e d and conducting r e g i o n of the atmosphere 
extending upwards' from an a l t i t u d e of about 50 km. The 
.c 
p o t e n t i a l of the electrosphere, estimated at 2.9 x 10 V, 
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i s maintained despite the t r a n s f e r of charge by various 
processes between the Earth and the electrosphere. 
The o v e r a l l p o s i t i v e charge brought t o the Earth by 
the f a i r - w e a t h e r conduction c u r r e n t and p r e c i p i t a t i o n tends 
t o discharge the condenser, and so i t must be balanced by 
an upward t r a n s f e r of p o s i t i v e charge by other processes, 
such as p o i n t discharge or l i g h t n i n g c u r r e n t s . /ORWELL (1930) 
measured the t r a n s f e r of charge t o a p o r t i o n of the Earth's 
surface by a l l means and found t h a t the charge brought down 
by p r e c i p i t a t i o n was a s i g n i f i c a n t f a c t o r . His estimates 
of the t o t a l charge t r a n s f e r r e d by the various currents are 
shown i n Table 1.1, together w i t h l a t e r ones given by MASON 
(1971)' Much of the p r e c i p i t a t i o n charge may- have been 
t r a n s f e r r e d d u r i n g q u i e t r a i n ; w h i l e the p r e c i p i t a t i o n c u r r e n t s 
from shower and thunder clouds are o f t e n larger 1, the more 
frequent occurrence of sign reversals reduces the net charge 
t r a n s f e r r e d by such p r e c i p i t a t i o n -
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CH AFTER 2 
The Physical and . E l e c t r i c a l C h a r a c t e r i s t i c s 
of Quiet P r e c i p i t a t i o n . 
2 . 1 The o r i g i n of q u i e t p r e c i p i t a t i o n 
2 . 1 . 1 The fo r m a t i o n of clouds g i v i n g q u i e t p r e c i p i t a t i o n 
E l e c t r i c a l l y q u i e t p r e c i p i t a t i o n g e n e r a l l y f a l l s from 
extensive s t r a t i f o r m clouds which are much less unstable than 
shower or thunder clouds and produce p r e c i p i t a t i o n which i s 
st e a d i e r and of much longer d u r a t i o n . I n temperate l a t i t u d e s , 
the c o n d i t i o n s necessary f o r the for m a t i o n of such s t r a t i f o r m 
clouds, namely the gradual ascent of a. deep and extensive l a y e r 
of moist warm a i r , are u s u a l l y found i n the f r o n t a l systems 
associated w i t h depressions. 
The a i r motions r e l a t i v e t o a. t y p i c a l m i d - l a t i t u d e f r o n t a l 
depression, as given by BROWNING ( 1 9 7 1 ) , are shown i n F i g . 2 . 1 . 
Formation of p r e c i p i t a t i o n occurs w i t h i n a w e l l - d e f i n e d tongue 
of warm a i r which flows ahead of the c o l d f r o n t before ascending 
above the warm f r o n t . Because of the narrowness of t h i s f l o w , 
i t has been sometimes termed the "warm conveyor b e l t " . Large 
scale ascent w i t h i n the warm conveyor b e l t i s t y p i c a l l y of 
the order of 10 ms~\ but can be modified by weak, small-scale 
convection generated where the upper a i r overruns the warm 
ascending a i r . The ascent of the warm conveyor b e l t becomes 
most uniform ahead of the surface warm f r o n t , t y p i c a l l y a 
distance of about 100 km marking the t r a n s i t i o n from convective 
t o uniform ascent. 
F I G . 2.1 T h e L a r g e Sca le A i r F l o w a t a F r o n t a l 
S y s t e m 
( F r o m B r o w n i n g ,1971) 
O 
o 





2 0 0 km 
S e c t i o n along A B 
mb 
5 0 0 i 
6 0 0 
7 0 0 
C o/ f. 
o 8 0 0 
9 0 0 
B Surface 
prec ip i ta t ion 
- 1 2 -
2 . 1 . 2 The large-scale p a t t e r n of p r e c i p i t a t i o n 
The general extent of the area of p r e c i p i t a t i o n associated 
w i t h a t y p i c a l m i d - l a t i t u d e depression i s shown i n Fig. 2 . 2 . 
A large area of p r e c i p i t a t i o n , r e s u l t i n g from the region of 
uniform ascent above the warm f r o n t , occurs ahead of the surface 
warm f r o n t and extends along the surface occluded f r o n t . Bands 
of enhanced p r e c i p i t a t i o n are sometimes found roughly p a r a l l e l 
t o the f r o n t , separated by about 200 km, but otherwise there are 
few s i g n i f i c a n t l a r g e scale f e a t u r e s of the area of p r e c i p i t a t i o n . 
2 . 1 . 3 The meso-scale p a t t e r n of p r e c i p i t a t i o n 
C lusters of i n d i v i d u a l convective c e l l s producing regions 
of enhanced p r e c i p i t a t i o n , or "meso-scale p r e c i p i t a t i o n areas", 
can be arranged i n bands i n s i d e the o v e r a l l region of p r e c i p i t -
a t i o n ( F i g . 2 . 2 ) . These bands, a few tens of kilometres across, 
take two forms. I n the warm sector they run roughly p a r a l l e l 
t o the warm conveyor b e l t and may be at a la r g e angle t o the 
surface warm f r o n t . Ahead of the surface warm f r o n t , the bands 
tend t o run p a r a l l e l t o i t , appearing t o o r i g i n a t e a t the f r o n t 
and t o then t r a v e l away from i t . 
A d e t a i l e d analysis of an a c t u a l f r o n t a l system by BROWNING 
and HARROLD ( 1 9 6 9 ) showed t h a t the warm sec t o r bands appeared t o 
have orographic o r i g i n s , g i v i n g swaths of heavy r a i n i n c e r t a i n 
geographical l o c a t i o n s as they passed. 
2 . 1 . 4 The v e r t i c a l s t r u c t u r e of a warm f r o n t a l system 
The v e r t i c a l a i r motions at a t y p i c a l f r o n t a l system are 
shown i n Figs. 2 . 3 and 2 . 4 « These are d e t a i l e d time - height 
FIG. 2.2 The M e s o - s c a l e P a t t e r n s w i t h i n t h e 
W a r m C o n v e y o r Belt 
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sections through an a c t u a l warm f r o n t , as given by BROWNING 
and HARROLD ( I 9 6 9 ); they show downward motion beneath the 
warm f r o n t a l surface, and the upward motion of the "conveyor 
b e l t " above the surface. 
As the f r o n t a l system moves past an observer on the ground, 
l i g h t p r e c i p i t a t i o n generally f a l l s f i r s t f rom a la y e r of 
a l t o s t r a t u s cloud w i t h a. base at about 3 km. Heavier, steady 
p r e c i p i t a t i o n f o l l o w s from nimbostratus cloud at about 1 - 3 km, 
beneath which may be layers of stratocumulus and s t r a t u s cloud 
down t o a few hundred metres a l t i t u d e . The t o t a l d u r a t i o n of 
p r e c i p i t a t i o n can vary from an hour t o 12 hours or more. 
2 . 1 . 5 A i r c r a f t observations of p r e c i p i t a t i n g l a y e r clouds 
A number of a i r c r a f t i n v e s t i g a t i o n s of p r e c i p i t a t i n g l a y e r 
clouds are summarised by MASON ( 1 9 7 1 ) t w n 0 concludes t h a t i n 
middle l a t i t u d e s , although r a i n may occasi o n a l l y f a l l from 
non-freezing clouds, i t i s u s u a l l y produced from clouds which 
extend above the 0°C l e v e l . I n general, clouds need bases 
warmer than -5°C and a thickness greater then 1 km t o produce 
continuous p r e c i p i t a t i o n ; f o r moderate rates the thickness i s 
2 km or more. 
P r e c i p i t a t i o n at the ground i s thus u n l i k e l y when the 
cloud base i s g r e a t e r than about 1 km above the m e l t i n g l e v e l , 
and STEWART (1964) deduced from h i s observations t h a t a cloud 
base higher than 1 km above the ground i s u n l i k e l y t o produce 
snow at the ground, due t o evaporation of the c r y s t a l s d u r i n g 
f a l l . 
The cloud top can extend t o temperatures below -20°C, 
some workers f i n d i n g t h i s i n over h a l f the clouds observed. 
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Clouds producing snow at the ground are always observed t o 
have tops colder than -12°C 
Ice c r y s t a l s are found i n such clouds, w i t h supei-cooled 
d r o p l e t s i n the lower p a r t s , p a r t i c u l a r l y at temperatures 
between 0°C and -/+°C0 However, p r e c i p i t a t i o n i s . observed i n 
a few cases when a cloud i s e n t i r e l y at temperatures above 0°C, 
or when no ice c r y s t a l s are detected; the formation of r a i n i n 
such cases i s almost c e r t a i n l y due t o coalescence of d r o p l e t s . 
P r e c i p i t a t i o n r a t e s measured i n the cloud o f t e n show a 
considerable increase at the lower l e v e l s . I t " has thus -been 
suggested t h a t the m a j o r i t y of the r a i n received at the ground 
must have come from the .lowest l e v e l s of--'frontal clouds, w i t h 
ice c r y s t a l s from higher l e v e l s "seeding" the region j u s t above 
the me l t i n g l a y e r . 
2.1.6 Radar observations of p r e c i p i t a t i n g l ayer clouds 
Radar dis p l a y s of the p r e c i p i t a t i o n areas associated w i t h 
warm f r o n t s u s u a l l y show few features i n the h o r i z o n t a l 
s t r u c t u r e , the echoes u s u a l l y being, widespread and d i f f u s e . 
V e r t i c a l cross-sections, however, u s u a l l y show a narrow band 
of intense echo i n the v i c i n i t y of the m e l t i n g l e v e l , caused 
by enhanced r e f l e c t i o n by me l t i n g snov/flakes. 
Above the m e l t i n g l e v e l , the snow echoes o f t e n have 
considerable p a t t e r n , w i t h s t r o n g echoes descending through 
the region t o merge w i t h the m e l t i n g band and subsequently 
appearing at the ground as periods of increased r a i n f a l l . 
These regions of enhanced echo, termed "upper bands" by BOV.'EN 
(195D, o f t e n appear t o o r i g i n a t e i n compact generating c e l l s 
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at a height of 3 or 4 km and w i t h dimensions of the order of 
1 km! LANGLEBEN (1956) found generating c e l l s tending t o 
form i n l i n e arrays. Streaks of p r e c i p i t a t i o n f a l l from 
these c e l l s , becoming d i s t o r t e d i n the wind shear t o form the 
almost h o r i z o n t a l upper bands. LANGLEBEN (1954) has deduced 
from the behaviour of the p a t t e r n t h a t the streaks are formed 
of snowflakes r a t h e r than c r y s t a l s , which must have been 
aggregated a t temperatures perhaps as low as -20°C. 
Below the m e l t i n g region, the p r e c i p i t a t i o n shows l i t t l e 
l a rge scale p a t t e r n , but the more powerful radar used i n recent 
years can show a c e l l u l a r s t r u c t u r e on the smaller scale; f o r 
instance HARROLD and BROWNING (I969) observed s t r u c t u r e of 
h o r i z o n t a l dimensions about 1.5 km, t r a v e l l i n g at the speed of 
the wind at the m e l t i n g l a y e r . Larger scale f l u c t u a t i o n s on 
the scale of the meso — s c a l e p r e c i p i t a t i o n areas have been 
found by ATLAS et a l (1969). 
2 . 1 . 7 The process of formation of the p r e c i p i t a t i o n 
In middle l a t i t u d e s , p r e c i p i t a t i n g l a y e r clouds nearly 
always extend w e l l above the 0°C l e v e l , and so the i n i t i a t i o n 
of p r e c i p i t a t i o n i s g e n e r a l l y considered t o be due t o the 
Bergeron process of i c e c r y s t a l growth. 
BERGERON (1935) concluded t h a t the release of p r e c i p i t a t i o n 
was due t o the appearance of a few ice c r y s t a l s among a much 
l a r g e r p o p u l a t i o n of supercooled water d r o p l e t s i n the regions 
of the cloud where the temperature i s below -10°C. The ice 
c r y s t a l s , probably formed by the occasional f r e e z i n g of 
d r o p l e t s , grow r a p i d l y a t the expense of the water d r o p l e t s 
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clue t o the d i f f e r e n c e i n the s a t u r a t i o n vapour pressure 
between water and i c e at the same temperature. I n such 
mixed clouds, a s t a t e of approximate water s a t u r a t i o n represents 
a supersaturation w i t h respect t o ice of, f o r example, 10?: at 
o 
- 1 0 C. 
MASON (19132) showed t h a t condensation or coalescence of 
water d r o p l e t s cannot be the main process i n l a y e r clouds 
having the u s u a l l y observed values of water content and updraught. 
Thus i t appears t h a t , i n such cases, p r e c i p i t a t i o n i s due t o 
o 
the growth of i c e c r y s t a l s i n the regions of cloud below 0 C; 
subsequently aggregation of c r y s t a l s produces snowflakes. 
2.2 The e l e c t r i c a l s t r u c t u r e of Quiet p r e c i p i t a t i o n 
D i r e c t ' e l e c t r i c a l observations of steady, q u i e t p r e c i p i t a t i o n 
and the clouds producing i t are comparatively few. The most 
extensive i n v e s t i g a t i o n s have probably been those of REITER 
(1965 , 1968) and IMYANITOV and CHUB ARB! A ( 1 9 6 5 ) , which are 
summarised below. 
2.2 .1 The work of R e i t e r 
The r e s u l t s quoted by R e i t e r are based on synoptic 
observations made over a number of years at a network of 
s t a t i o n s i n a high mountain area. The s t a t i o n s range i n 
a l t i t u d e from 675 m t o 3000 m, and have small h o r i z o n t a l 
separations c 
Records of p o t e n t i a l gradient and p r e c i p i t a t i o n c u r r e n t 
generally show the inverse r e l a t i o n and mirror-image e f f e c t s 
at a l l a l t i t u d e s d u r i n g steady p r e c i p i t a t i o n ; as usual, the 
p r e c i p i t a t i o n c u r r e n t i s p o s i t i v e d u r i n g r a i n and negative 
duri n g snow. However l i g h t p r e c i p i t a t i o n from a l t o s t r a t u s , 
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e i t h e r i n the form of rain or snow, usually r e s u l t s i n both 
p o t e n t i a l gradient and p r e c i p i t a t i o n c u r r e n t being negative. 
Reiter's most important conclusions concern the e f f e c t s 
of the m e l t i n g l e v e l and the degree of atmospheric s t a b i l i t y 
on the e l e c t r i c a t i o n of the p r e c i p i t a t i o n . I n the former 
case, he f i n d s t h a t r e v e r s a l of the signs of p o t e n t i a l gradient 
and p r e c i p i t a t i o n c u r r e n t occurs across the melting l a y e r 
(0 C t o 2 C l a y e r ) , both f o r simultaneous observations above 
and below the l a y e r and f o r when the m e l t i n g layer r i s e s or 
f a l l s past a s i n g l e s t a t i o n . R e i t e r concludes t h a t the 
m e l t i n g l a y e r i s an e l e c t r i c a l l y b i p o l a r l a y e r , the existence 
and s t r u c t u r e of which i s independent of i t s l o c a t i o n i n s i d e 
or below the cloud, or i t s a l t i t u d e . 
The e f f e c t of the m e l t i n g l e v e l i s evident i n Fig.2.5j 
where the percentage frequency of p o s i t i v e p o t e n t i a l gradient 
i s p l o t t e d against atmospheric temperature; the change from 
mostly p o s i t i v e t o mostly negative values occurs e x a c t l y i n s i d e 
the m e l t i n g l a y e r . 
Reiter found t h a t the above conclusions applied only when 
stable s t r a t i f i c a t i o n e x i s t e d i n the cloud space, and consequently 
atmospheric turbulence was at a minimum. This was i n d i c a t e d 
e l e c t r i c a l l y by the average frequency of sign r e v e r s a l s of 
p o t e n t i a l g r a d i e n t being less than 1.5 per hour (Fig.2.6). 
He suggests t h a t the e l e c t r i c a l p a t t e r n of turbulence r e f l e c t s 
the meteorological p a t t e r n , the observed decrease i n e l e c t r i c a l 
turbulence w i t h a l t i t u d e tending t o support t h i s idea. No 
m e l t i n g layer e f f e c t i s d i s c e r n i b l e i n unstable c o n d i t i o n s . 
FIG 2 .5 F r e q u e n c y of p o s i t i v e p o t e n t i a l g r a d i e n t (E + ) 
and n u m b e r of s i gn r e v e r s a l s p e r h o u r iSh) 
of p o t e n t i a l g r a d i e n t as f u n c t i o n s o f 
t e m p e r a t u r e . ( Q u i e t p r e c i p i t a t i o n ) 
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2.2.2 The work of Imyanitov and Chubarina 
These workers r e p o r t the r e s u l t s of systematic a i r c r a f t 
soundings of nimbostratus clouds made between 1958 and 1963 
at middle l a t i t u d e s i n the Soviet Union. From the measured 
p r o f i l e s of p o t e n t i a l g r a d i e n t , the charge d i s t r i b u t i o n s i n 
and below the cloud were also deduced,assuming t h a t c o n d i t i o n s 
were uniform h o r i z o n t a l l y . 
Their observations show t h a t nimbostratus clouds are 
p o l a r i z e d , whether they produce r a i n or snow at the ground 
and whether or not they are "mixed", i . e . c o n t a i n both s o l i d 
and l i q u i d p r e c i p i t a t i o n . The cloud can be p o l a r i z e d e i t h e r 
p o s i t i v e l y , w i t h a p o s i t i v e upper charge and a negative lower 
charge, or n e g a t i v e l y . A l l the various combinations of cloud 
type and p o l a r i z a t i o n were found, w i t h the two signs of p o l a r -
i z a t i o n being nearly equally probable f o r "mixed" clouds. 
T y p i c a l generalised p r o f i l e s of p o t e n t i a l g r a d i e n t i n 
nimbostratus clouds are shown i n Fig. 2.7, together w i t h the 
deduced charge d i s t r i b u t i o n s . These generalised p r o f i l e s 
were obtained by reducing the measured cloud thickness i n 
each case t o a normalised value before averaging the p o t e n t i a l 
g r a d i e n t values. The mean values of charge found i n t h i s way 
f o r each type of cloud are given i n Tsble 2.1. 
Imyanitov and Chubarina deduce t h a t the main region of 
charge separation i n mixed clouds occurs i n the 0°C t o -10°C or 
-12°C regions, i n d i c a t i n g the probable r o l e of m e l t i n g and 
f r e e z i n g processes of e l e c t r i f i c a t i o n . However the p o t e n t i a l 
gradients and charges found i n warm clouds were o f t e n comparable, 
which i n d i c a t e s the possibly considerable r o l e of drop charging 
by processes not associated w i t h phase t r a n s f o r m a t i o n s . They 
FIG. 2.7 Potent ia l g r a d i e n t and c h a r g e d i s t r i b u t i o n 
in a p o l a r i z e d n i m b o s t r a t u s c l o u d , 
( a d a p t e d f r o m I m y a n i t o v & C h u b a r i n a , 1 9 6 7 ) 
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p t t r i b u t e the inverse r e l a t i o n as observed a t the ground to 
the f a l l i n g p r e c i p i t a t i o n charging the cloud o p p o s i t e l y ; 
t h i s r e s u l t s i n the f a l l of charged p r e c i p i t a t i o n i n a 
p o t e n t i a l gradient of opposite s i g n . 
2 . 2 . 3 The conclusions of Chalmers 
From t h e i r systematic observations of p o t e n t i a l gradient 
below, i n and above p r e c i p i t a t i n g clouds, Imyanitov and Chubsrina 
also deduced generalised height d i s t r i b u t i o n s of p o t e n t i a l 
between the ground and the ionosphere f o r the various types 
of cloud. Their r e s u l t s give support t o the conclusions of 
CHALMERS (195$) concerning the probable height d i s t r i b u t i o n s 
of p o t e n t i a l f o r snow and r a i n clouds. 
As mentioned i n Chapter 1 , CHALMERS (1956) argued t h a t 
most or a l l q u i e t p r e c i p i t a t i o n must have been i n the s o l i d 
s t a t e d u r i n g part of i t s time i n the cloud, so t h a t i f there 
i s a process of charge s e p a r a t i o n connected w i t h s o l i d p r e c i p i t -
a t i o n i n the cloud, t h i s w i l l operate i n a l l cases, whether the 
p r e c i p i t a t i o n reaches the ground as snow or whether i t f i r s t 
melts. To account f o r the observed e l e c t r i f i c a t i o n of snow 
by a s i n g l e process, i t must be one t h a t b r i n g s negative charge 
downwards. A second process of opposite s i g n and greater 
magnitude must operate at or below the m e l t i n g l e v e l i n the 
case of r a i n . 
The observed e l e c t r i f i c a t i o n could be accounted f o r 
d i f f e r e n t l y i f the p r e c i p i t a t i o n leaves the cloud uncharged 
and obtains i t s charge close t o the ground. D i f f e r e n t processes 
could operate f o r r a i n and snow, producing d i f f e r e n t signs of 
charge. 
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CHALMERS (195$) presents height d i s t r i b u t i o n s of p o t e n t i a l 
f o r r a i n and show clouds, based on these arguments. These 
are shown i n F i g . 2 . 8 , together w i t h some of Imyanitov and 
Chubsrina's experimental p r o f i l e s . I n the case of snow, 
CHALMERS (1956) deduced q u a l i t a t i v e l y t h a t charge separation 
must occur i n the cloud whether or not i t occurred near the 
ground. He argued t h a t charging of snow a t the ground w i l l 
lead t o the cloud base having a negative p o t e n t i a l w i t h respect 
t o the ground and the cloud top a p o s i t i v e p o t e n t i a l ; t h i s 
means t h a t a charge s e p a r a t i o n must also occur i n the cloud 
whether or not i t was f i r s t p o s t u l a t e d . The consequent v a r i a t i o n 
of p o t e n t i a l w i t h height i s shown as curve 1 i n Fig. 2 . 8 ( a ) . 
Such an argument was not possible i n the case of the "mixed" 
r a i n cloud, and so two height p r o f i l e s of p o t e n t i a l are p o s s i b l e ; 
these are shown i n Fig. 2 . 8 ( b ) , one re p r e s e n t i n g charge separation 
i n the cloud only (curve 3) snd one repre s e n t i n g charging at the 
ground (curve 4)» 
Also shown i n the two f i g u r e s are the appropriate generalised 
experimental curves of Imyanitov and Chubarina. I n the case of 
snow clouds (curve 2) the p r o f i l e s agree q u i t e w e l l , w hile f o r 
"mixed" r a i n clouds the experimental curve agrees most c l o s e l y 
w i t h the one f o r charge separation i n the cloud. They also 
support the s u r p r i s i n g conclusion t h a t the p o t e n t i a l of the 
cloud top depends on whether the p r e c i p i t a t i o n reaches the 
ground as r a i n or snow. 
2.3 The r e l ^ t i o n s h i p between p o t e n t i a l gradient and 
. p r e c i p i t a t i o n c u r r e n t . 
2 . 3• 1 The__ inverse r e l a t i o n 
Observations of q u i e t p r e c i p i t a t i o n e l e c t r i f i c a t i o n have 
F I G . 2 . 8 P o t e n t i a l d i s t r i b u t i o n in n i m b o s t r a t u s 
c l o u d s 
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l e d several workers t o express the r e l a t i o n s h i p between 
p o t e n t i a l g r a d i e n t and p r e c i p i t a t i o n c u r r e n t i n a form such as: 
I = - a (F - C) ( 2 . 1 ) 
where I i s the p r e c i p i t a t i o n or t o t a l c u r r e n t d e n s i t y , 
F the p o t e n t i a l g r a d i e n t , and a and C constants. E v i d e n t l y 
a must be p o s i t i v e f o r the inverse r e l a t i o n t o apply. The 
inverse r e l a t i o n can thus be t r e a t e d as a s t a t i s t i c a l one, 
the values of a and C being found s t a t i s t i c a l l y from observations 
of I and F. 
SIMPSON (1949) suggested t h a t the constant C might represent 
the normal f a i r - w e a t h e r p o t e n t i a l g r a d i e n t , having obtained 
the expression f o r the charge q per u n i t volume of r a i n : 
q = - 4 . 8 x 1 0 ~ 8 (F - 400) 
- 3 - 1 
where q i s i n Cm and F i n Vm . The value of C was thus 
400 Vra"1. REITER ( I 9 6 5 ) a l s o found the c u r r e n t t o depend on 
(F - C) 5 f i n d i n g a value of 40 Vrrf 1 f o r C, which agreed w e l l w i t h 
the l o c a l f a i r - w e a t h e r p o t e n t i a l g r a d i e n t . S i m i l a r l y CKALYiERS 
(1956) measured the t o t a l c u r r e n t K t o the Earth d u r i n g r a i n , 
and obtained the r e l a t i o n s h i p 
K = - 1.18 x 1 0 " 1 4 (F - 150) 
p 
where K i s i n Am" . 
CHALMERS ( I 9 5 6 ) gave a general e x p l a n a t i o n of the inverse 
r e l a t i o n by considering some process g i v i n g a charge of one 
sign t o the p r e c i p i t a t i o n , w h i l e the opposite charge remained 
i n the cloud. The observations of the e l e c t r i c a l s t r u c t u r e of 
qu i e t p r e c i p i t a t i o n clouds o u t l i n e d i n the previous s e c t i o n 
support t h i s idea. Chalmers also concluded t h a t , when there 
i s no p o i n t discharge, the p r e c i p i t a t i o n c u r r e n t w i l l be l a r g e r 
than the other c u r r e n t s such as the conduction c u r r e n t , and so 
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the p o t e n t i a l g r a d ient can be considered as being a consequence 
of the charging of the p r e c i p i t a t i o n . 
2 . 3 * 2 The mirror-image e f f e c t 
CHALMERS (1965) extended the ideas mentioned above t o 
discuss q u a l i t a t i v e l y how the mirror-image e f f e c t might a r i s e 
d u r i n g a u i e t p r e c i p i t a t i o n . I f there i s a primary process 
i n the cloud which separates charge, then changes i n p o t e n t i a l 
g r a d i e n t and p r e c i p i t a t i o n c u r r e n t at the ground w i l l be due 
t o one of three causes. A region of cloud i n which the charge 
separation i s more or l e s s intense may pass over the observer, 
the cloud i t s e l f being i n a steady s t a t e ; a change w i t h time 
of the i n t e n s i t y of the charge separation may occur i n a 
s t a t i o n a r y cloud; or a combination of the two cases may occur. 
In the f i r s t case, assuming the p o t e n t i a l g r a d ient i s 
s u f f i c i e n t l y low so t h a t p o i n t discharge cannot occur, the 
l i k e l y e l e c t r i c a l behaviour at the ground of the p r e c i p i t a t i o n 
i s shown i n Fig. 2.9» As the p o r t i o n of cloud i n which there 
i s more intense negative charging passes over the observer, 
Chalmers considers there should be s u f f i c i e n t charge i n the 
cloud t o give a negative p o t e n t i a l g r a d i e n t at the ground, 
despite the p o s i t i v e space charge of the p r e c i p i t a t i o n . The 
e f f e c t of wind shear between the cloud and the ground w i l l be 
t o delay the a r r i v a l of the p r e c i p i t a t i o n at the ground u n t i l 
a f t e r the p o r t i o n of cloud i n which i t o r i g i n a t e d has passed. 
When the p r e c i p i t a t i o n does a r r i v e , a minimum of negative 
p o t e n t i a l g r a d ient w i l l r e s u l t (or a maximum of p o s i t i v e 
g r a d i e n t ) ; thus the peak i n p o t e n t i a l g r a d ient appears t o 
lead the peak i n p r e c i p i t a t i o n c urrent* 
A s 7 f o r example,will be seen i n Chapter 7» wind shear 
F i g . 2.9 E l e c t r i c a l B e h a v i o u r of A p p r o a c h i n g C loud 
Choi m e i j 
( f r o m £mt€r, 1 9 6 5 ) 
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at g r o u n d 
A P r e c i p i t a t i o n c u r r e n t at g r o u n d 
I < D i r e c t i o n of c l o u d m o t i o n 
^ T i m e 
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between cloud and ground i s nearly always present, and so 
the p o t e n t i a l g r a d i e n t would he expected t o lead the p r e c i p i t -
a t i o n c u r r e n t ; the above argument also leads t o the conclusion 
t h a t i f no wind shear i s present, then the peaks i n p o t e n t i a l 
g radient and p r e c i p i t a t i o n c urrent would be simultaneous. 
The second case, t h a t of a s t a t i o n a r y developing cloud 
above the observer, i s less simple as steady c o n d i t i o n s do 
not p r e v a i l w i t h i n the cloud. I n i t i a l l y , the p o t e n t i a l 
g r a d i e n t i s a f f e c t e d by the i n c r e a s i n g p o s i t i v e space charge 
of the f a l l i n g p r e c i p i t a t i o n ; when the p r e c i p i t a t i o n s t a r t s 
t o reach the ground, the e f f e c t of the negative cloud charge 
w i l l be dominant. Consequently a peak of p o s i t i v e p r e c i p i t -
a t i o n c u r r e n t leads a peak of negative p o t e n t i a l gradient 
(Fig. 2.10). 
As Chalmers points out, the examples taken are very much 
•Simplified, w i t h a c t ual c o n d i t i o n s most probably being repres-
ented by the t h i r d case, t h a t of a moving cloud which i s also 
changing.\ Nevertheless, time lags between p o t e n t i a l g r a d i e n t 
and p r e c i p i t a t i o n c u r r e n t have been observed w i t h e i t h e r l e a d i n g 
on d i f f e r e n t occasions ( f o r example RAM'S AY and CHALI-ERS, 1960); 
there may "well be clouds where movement i s more important than 
development, or v i c e versa. 
One p r e d i c t i o n of Chalmers i s t h a t , due t o snow f a l l i n g 
more slowly, i t s space charge w i l l have a greater e f f e c t , and 
so the case of p r e c i p i t a t i o n c u r r e n t l e a d i n g would be most 
l i k e l y i n a developing snow cloud. Observations d u r i n g q u i e t 
snow have c e r t a i n l y shown instances when the p r e c i p i t a t i o n 
c u r r e n t leads. Another i n t e r e s t i n g consequence of h i s ideas 
i s t h a t time lags i n the m i r r o r image e f f e c t would be due t o 
both the time of f a l l of the p r e c i p i t a t i o n from the cloud and 
F I G . 2.10 E l e c t r i c a l b e h a v i o u r of a s t a t i o n a r y 
d e v e l o p i n g c l o u d ( f r o m B ^ i t e f , 1 9 6 5 ) 
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-24-
any wind shear between cloud and ground i n the case of a 
s t a t i o n a r y developing cloud. I n a moving cloud, only the 
wind shear could produce any time l a g . These ideas are 
developed i n a subsequent chapter. 
2•4 The r e l a t i o n s h i p between the meteorological and 
e l e c t r i c a l a c t i v i t y i n a u i e t p r e c i p i t a t i o n . 
E l e c t r i c a l l y q u i e t p r e c i p i t a t i o n f a l l s from extensive 
l a y e r clouds which produce steady, uniform p r e c i p i t a t i o n , 
w h i l e showers and thunderstorms produce heavier r a i n and much 
more v i o l e n t c o n d i t i o n s , both e l e c t r i c a l l y and m e t e o r o l o g i c a l l y . 
An interdependence between the degree of meteorological and 
e l e c t r i c a l a c t i v i t y of clouds thus seems po s s i b l e . The 
conclusion o f REITER (1965, 1968) t h a t the e l e c t r i c a l behaviour 
of steady p r e c i p i t a t i o n i s c o n t r o l l e d by the degree of s t a b i l i t y , 
and hence turbulence, i n the atmosphere supports t h i s idea. 
The m e l t i n g l a y e r appears t o be an important f e a t u r e both 
e l e c t r i c a l l y and m e t e o r o l o g i c a l l y . Radar observations normally 
show a d i s t i n c t echo from the m e l t i n g r e g i o n , and e l e c t r i c a l 
observations have also shown i t t o be a region of s t r o n g e l e c t -
r i c a l a c t i v i t y . Charging has been found i n clouds up t o about 
the -10°C l e v e l , almost c e r t a i n l y associated w i t h the presence 
of i c e . However, there i s also evidence f o r charging i n "warm" 
clouds, where no ice i s present and so d i f f e r e n t charging process-
es are at work. The type of charging process, and the degree of 
e l e c t r i c a l a c t i v i t y , may w e l l then be determined by t h e meteoro-
l o g i c a l c o n d i t i o n s , i n p a r t i c u l a r temperature, w i t h i n the cloud. 
As mentioned i n the previous s e c t i o n , the time lags 
observed i n the mirror-image e f f e c t may be the consequence of 
the wind p r o f i l e between the cloud and the ground a f f e c t i n g 
the f a l l i n g p r e c i p i t a t i o n . I f t h i s i s so, the wind p r o f i l e 
w i l l have a considerable i n f l u e n c e on the e l e c t r i c a l f e a t u r e s 
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of q u i e t p r e c i p i t a t i o n as seen at the ground. GROOM and 
CHALMERS (1967) have suggested t h a t the apparent absence of 
the inverse r e l a t i o n i n summer observations of RAMSAY and 
CHALMERS (1960) and themselves could be due t o the greater 
height of the me l t i n g l e v e l ; a. longer time of f a l l of the 
p r e c i p i t a t i o n could produce a consequently longer time l a g 
i n the m i r r o r image e f f e c t , d i s g u i s i n g any inverse r e l a t i o n . 
Recent work by STRINGFELLOW ( I 9 6 9 ) and ASPIWALL (1970) 
has i n d i c a t e d the existence of " c e l l s " of e l e c t r i c a l a c t i v i t y 
w i t h i n the c l o u d j O f h o r i z o n t a l dimensions of a .-few k i l o m e t r e s , 
and independent of wind speed. Convective c e l l s w i t h i n meso-
scale p r e c i p i t a t i o n areas have already been mentioned (Sec.2.1 .3 ) ; 
these also have dimensions of the order of k i l o m e t r e s . 
2.5 The proposed i n v e s t i g a t i o n . 
The purpose of the present work i s t o i n v e s t i g a t e the 
e l e c t r i c a l behaviour of qu i e t p r e c i p i t a t i o n w i t h the sim of 
ex p l a i n i n g the observed e f f e c t s i n terms of possible charging 
processes i n and below the cloud. The in f l u e n c e of the p r e v a i l -
i n g meteorological c o n d i t i o n s w i l l also be considered. I t i s 
hoped t h a t a systematic i n v e s t i g a t i o n of periods of q u i e t 
p r e c i p i t a t i o n over a period of several months w i l l help t o 
c l a r i f y the nature and o r i g i n of the inverse r e l a t i o n and the 
mirror-image e f f e c t by considering the r e l e v a n t meteorological 
c o n d i t i o n s on each occasion. 
2 . 5 « 1 Representation of the inverse r e l a t i o n and the 
mir r o r - i n a f i e e f f e c t . 
I n order t o compare d i f f e r e n t periods of p r e c i p i t a t i o n , 
some method i s needed of representing the degree t o which the 
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inverse r e l a t i o n and the mirror-image e f f e c t are present. 
Previous workers have used various methods, not a l l s t r i c t l y -
comparable, w i t h o f t e n only s h o r t i n t e r v a l s during a period 
of steady p r e c i p i t a t i o n being examined. Methods of e v a l u a t i n g 
any time lags i n the mirror—image e f f e c t have also d i f f e r e d ; 
sometimes time lags between corresponding maxima or minima 
have been used, or time d i f f e r e n c e s between the i n s t a n t s when 
the records changed s i g n . 
More recent work, s t a r t i n g w i t h t h a t of OwOLABI and 
CHALMERS ( 1 9 6 5)1 has expressed the r e l a t i o n between p o t e n t i a l 
gradient and p r e c i p i t a t i o n c u r r e n t i n terms of the c o r r e l a t i o n 
between the two records. A period of p r e c i p i t a t i o n e x h i b i t i n g 
the inverse, r e l a t i o n and mirror-image e f f e c t w i t h no a d d i t i o n a l 
random e f f e c t s would show p e r f e c t c o r r e l a t i o n between p o t e n t i a l 
g r a d ient and p r e c i p i t a t i o n c u r r e n t . Any time l a g i n the m i r r o r -
image e f f e c t i s then shown by maximum c o r r e l a t i o n o c c u r r i n g f o r 
one record s h i f t e d w i t h respect t o the other by the appropriate 
time d i f f e r e n c e . 
The c o r r e l a t i o n between the records can be expressed as 
a s t a t i s t i c a l q u a n t i t y , the c o r r e l a t i o n c o e f f i c i e n t , which 
describes both e n t i r e records. This c o e f f i c i e n t - has a value 
of + 1.0 f o r a d i r e c t r e l a t i o n s h i p and - 1 .0 f o r an inverse 
r e l a t i o n s h i p between the records ( F i g . 2 . 1 1 ) . As random 
e f f e c t s increase, so the c o r r e l a t i o n c o e f f i c i e n t approaches a 
value of zero when the two records are completely random. 
The c o r r e l a t i o n c o e f f i c i e n t and i t s s t a t i s t i c a l background 
are described i n Chapter 5« 
The a v a i l a b i l i t y of modern d i g i t a l computers permits the 
F I G . 2 11 C o r r e l a t i o n b e t w e e n t w o r e c o r d s 
(a) D i r e c t c o r r e l a t i o n 
A 
.(b) I n v e r s e c o r r e l a t i o n 
> 
(c) No c o r r e l a t i o n 
v 
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processing of the large q u a n t i t i e s of data i n v o l v e d i n the 
c a l c u l a t i o n of " c o r r e l a t i o n c o e f f i c i e n t s and other s t a t i s t i c a l 
q u a n t i t i e s from sets of readings taken at frequent i n t e r v a l s 
over long periods of time. I n the case of the e l e c t r i c a l 
behaviour of p r e c i p i t a t i o n , the e f f e c t s of the great v a r i a b i l i t y 
i n c o n d i t i o n s both v / i t h i n a s i n g l e set of records and between 
d i f f e r e n t occasions can be minimised by adopting a s t a t i s t i c a l 
approach. Such an approach i s thus now possible by using 
the d i g i t a l computer t o handle the data and c a l c u l a t e the 
rel e v a n t s t a t i s t i c a l q u a n t i t i e s . 
2.5*2 A s t a t i s t i c a l method of r e p r e s e n t a t i o n 
I t has already been described how the r e l a t i o n s h i p 
between p o t e n t i a l g r a d ient F and p r e c i p i t a t i o n c u r r e n t I 
i n q u i e t p r e c i p i t a t i o n can be described by f u n c t i o n a l r e l a t i o n -
ships of the form: 
I = - a(F _ C) (2.1) 
Such an expression i n d i c a t e s the presence of both the inverse 
r e l a t i o n and the mirror-image e f f e c t . The former i s present 
i f the constant a i s p o s i t i v e , w h i l e the l a t t e r w i l l be most 
n o t i c e a b l e i f the simultaneous values of I and F f i t the 
expression a t a l l times ( i g n o r i n g f o r the moment the e f f e c t 
of any time l a g ) . In a c t u a l cases, such an expression as 
above w i l l f i t simultaneous values of I and F t o a gre a t e r or 
lesser degree; the ex t e n t t o which t h i s i s true i s i n d i c a t e d 
by the value o f the c o r r e l a t i o n c o e f f i c i e n t between the two 
records. I t i s thus proposed i n the present work t o express 
the mirror-image e f f e c t i n terms of the c o r r e l a t i o n c o e f f i c i e n t 
betv/een the two records of p o t e n t i a l gradient and p r e c i p i t a t i o n 
c u r r e n t . This method also has the advantage of i n d i c a t i n g any 
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time l a g by the maximum c o r r e l a t i o n c o e f f i c i e n t o c c u r r i n g 
f o r one record " s h i f t e d w i t h respect t o the other by t h i s 
amount. The expression 2.1 w i l l then apply t o values of 
I and F when one record has been s h i f t e d by the appropriate 
time l a g . 
The inverse r e l a t i o n and mirror-image e f f e c t s can occur 
independently of each other i f t h e i r usual d e f i n i t i o n s are 
taken; t h i s i s i l l u s t r a t e d i n F i g . 2.12. In Fig 2.12(a), 
both e f f e c t s occur; a p e r f e c t mirror—image e f f e c t would 
r e s u l t i n a c o r r e l a t i o n c o e f f i c i e n t of - 1.0, as there i s 
inverse c o r r e l a t i o n between the records. Fig 2.12(b) shows 
a case of mirror—image e f f e c t w i t h no inverse r e l a t i o n ; the 
c o r r e l a t i o n c o e f f i c i e n t w i l l s t i l l be negative. F i n a l l y , 
F i g . 2.12(c) shows the case of n e i t h e r e f f e c t being present, 
w i t h t h e c o r r e l a t i o n c o e f f i c i e n t being p o s i t i v e ( d i r e c t 
c o r r e l a t i o n ) . 
I t can t h e r e f o r e be said t h a t the inverse r e l a t i o n i s 
present i f the mean values of the p o t e n t i a l gradient and 
p r e c i p i t a t i o n c u r r e n t records are of opposite s i g n (constant 
a i n £q. 2.1 i s p o s i t i v e ) ; and the mirror-image e f f e c t can 
be said t o be present i f a s i g n i f i c a n t inverse c o r r e l a t i o n 
e x i s t s between the two records ( i . e . a negative c o r r e l a t i o n 
c o e f f i c i e n t ) . I t i s proposed t o adopt t h i s convention i n 
the present work, thus t r e a t i n g both e f f e c t s i n s t a t i s t i c a l 
terms. 
2.5*3 The d e s c r i p t i o n of p r e c i p i t a t i o n as " q u i e t " 
So f a r , while the term " q u i e t " has been o f t e n mentioned, 
no precise d e f i n i t i o n has been given. This i s p a r t l y because 
FIG.2.12 S ta t i s t i ca l r e p r e s e n t a t i o n of t h e i n v e r s e 
r e l a t i o n and m i r r o r - i m a g e e f f e c t 
(a) B o t h p r e s e n t 




- i - = - v e 
( b ) M i r r o r - i m a g e e f f e c t on l y 
-> t i m e 
R = - 1 - 0 
~ ~ + v e 
F 
(c) No i n v e r s e r e l a t i o n o r m i r r o r i m a g e e f f e c t 
( b u t d i r e c t c o r r e l a t i o n ) 
i m e 
R = + 1 - 0 
- = + v e 
F 
R = C r o s s - c o r r e l a t i o n c o e f f i c i e n t 
P r e c i p i t a t i o n c u r r e n t I 
Po ten t ia l g r a d i e n t F 
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previous workers have not a l l used exactly equivalent 
d e f i n i t i o n s . ' The purpose i n l i m i t i n g the present i n v e s t i g a t i o n 
t o periods of q u i e t p r e c i p i t a t i o n i s t o ensure t h a t c o n d i t i o n s 
i n and below the cloud are as s t r a i g h t f o r w a r d as p o s s i b l e , 
and s o , i n p a r t i c u l a r , periods when p o i n t discharge c u r r e n t s 
occur between cloud and ground are excluded. 
Such periods are u s u a l l y evident from the high values 
of p o t e n t i a l gradient and the much more v i o l e n t behaviour of 
the r e c o r d . Thus, f o r example, ASPINALL (1970) r e s t r i c t e d 
measurements t o periods when the p o t e n t i a l gradient was less 
than 1000 Vm~^  i n magnitude, and only slow changes i n p o t e n t i a l 
g r a d i e n t were o c c u r r i n g . This p r a c t i c e w i l l be f o l l o w e d , 
except t h a t experience showed t h a t the l i m i t a t i o n b h p o t e n t i a l 
g r a d i e n t values could be increased t o 1500 Vm~^ before there 
was u s u a l l y any s i g n i f i c a n t change i n the character of the 
r e c o r d . 
To avoid showers or other short periods of p r e c i p i t a t i o n , 
records of d u r a t i o n s h o r t e r than one hour w i l l not be considered 
as " q u i e t " ; n e i t h e r w i l l records e x h i b i t i n g frequent and 
l a r g e v a r i a t i o n s and producing s i g n r e v e r s a l s above a r a t e 
of, say, f i v e per hour. I t i s hoped t h a t the conclusions 
of the present work w i l l make possible a much more precise 
d e f i n i t i o n of q u i e t p r e c i p i t a t i o n . 
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CHAFTER 3 
The Inst r u m e n t a t i o n of the Recording; S i t e 
3«1 The measurement of p r e c i p i t a t i o n c u r r e n t density 
3 . 1 . 1 General p r i n c i p l e s 
The p r e c i p i t a t i o n c u r r e n t i s one of several atmospheric 
e l e c t r i c c u r r e n t s present d u r i n g steady p r e c i p i t a t i o n . I n 
order t o measure the p r e c i p i t a t i o n c u r r e n t d e n s i t y ( c u r r e n t 
per u n i t surface area), the e f f e c t s of other c u r r e n t s c o l l e c t e d 
by the measuring apparatus must be considered. 
The conduction c u r r e n t i s the ohmic e l e c t r i c c u r r e n t 
caused by the movement of atmospheric ions under the i n f l u e n c e 
of the p o t e n t i a l g r a d i e n t , and i s present i n both f a i r weather 
and d i s t u r b e d c o n d i t i o n s . In q u i e t p r e c i p i t a t i o n , the 
2 
conduction c u r r e n t d e n s i t y i s u n l i k e l y t o exceed 10 pAm~ i n 
magnitude but can s t i l l be comparable w i t h the p r e c i p i t a t i o n 
c u r r e n t d e n s i t y . 
The v e r t i c a l movement of i o n i c charges i n convective or 
t u r b u l e n t motions of the a i r can produce a "convection c u r r e n t " 
t o any p o r t i o n of the Earth's surface i s o l a t e d i n order t o 
measure the p r e c i p i t a t i o n c u r r e n t d e n s i t y . For the convection 
c u r r e n t t o be s i g n i f i c a n t , v e r t i c a l a i r motions greater than 
the i o n i c v e l o c i t i e s due t o conduction are needed, together 
w i t h a space charge gradient between adjacent l e v e l s . The 
- 2 
magnitude of t h i s c u r r e n t i s also u n l i k e l y t o exceed 10 pAm 
i n q u i e t p r e c i p i t a t i o n . 
When the p o t e n t i a l g r a d i e n t i s s u f f i c i e n t l y high, p o i n t 
discharge w i l l produce atmospheric ions of opposite s i g n t o 
-31- / 
the p o t e n t i a l g r a d i e n t ; t h i s may modify the p r e c i p i t a t i o n 
c u rrent^ due t o i o n capture by the f a l l i n g p r e c i p i t a t i o n . . 
The value of p o t e n t i a l gradient above which p o i n t discharge 
becomes s i g n i f i c a n t i s d i f f i c u l t t o s p e c i f y . An i s o l a t e d 
metal p o i n t w i l l s t a r t t o discharge at a p o t e n t i a l g r a d i e n t 
of about 1000 Vrn™^ ", but there i s evidence t h a t n a t u r a l objects 
such as trees do not discharge u n t i l much higher values have 
been reached.. I n the present work r periods when p o i n t 
discharge occurs are excluded, such periods u s u a l l y being 
evident from the behaviour of the p o t e n t i a l g r a d i e n t and 
p r e c i p i t a t i o n c u r r e n t records. 
I f a p o r t i o n o f the Earth's surface i s i s o l a t e d t o measure 
the c u r r e n t f l o w i n g t o i t , a bound charge p r o p o r t i o n a l i n 
magnitude t o the atmospheric p o t e n t i a l gradient w i l l be produced 
on i t , A change of p o t e n t i a l gradient w i l l cause a correspond-
in g change i n the bound charge ,,with consequently a "displacement 
c u r r e n t " being measured i n a d d i t i o n t o the other atmospheric 
c u r r e n t s . The displacement c u r r e n t i s p r o p o r t i o n a l t o the 
ra t e of change of p o t e n t i a l gradient and could be a serious 
source of e r r o r ; a r a t e of change of p o t e n t i a l gradient of 
« 1 _ i 
5 Vm s w i l l produce a displacement c u r r e n t density of 
about 50 pAm ~, as larg e as p r e c i p i t a t i o n c u r r e n t d e n s i t i e s 
o f t e n recorded ' d u r i n g q u i e t p r e c i p i t a t i o n . I t i s e s s e n t i a l 
- t h a t any apparatus designed t o measure p r e c i p i t a t i o n c u r r e n t s 
allows f o r the e f f e c t s of displacement c u r r e n t s , 
3 , 1 , 2 The design of apparatus t o measure p r e c i p i t a t i o n 
c u r r e n t d e n s i t y 
•The obvious method of measuring the p r e c i p i t a t i o n c u r r e n t 
> 
d e n s i t y i s t o i s o l a t e a p o r t i o n of the Earth's surface, and 
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t o measure the charge or c u r r e n t t r a n s f e r r e d t o t h i s p o r t i o n 
by p r e c i p i t a t i o n , having f i r s t e l i m i n a t e d conduction, convection 
and displacement c u r r e n t s . P r e c i p i t a t i o n c u r r e n t c o l l e c t o r s • 
based on t h i s p r i n c i p l e can be c l a s s i f i e d as "exposed" or 
"shielded", depending on whether or not the c o l l e c t i n g surface 
i s exposed t o the atmospheric p o t e n t i a l gradient? 
3o1o3 The exposed c o l l e c t o r 
This type of c o l l e c t o r normally c o n s i s t s of a c i r c u l a r 
p l a t e mounted l e v e l w i t h , but i s o l a t e d from, the earth's 
surface. Conduction, convection and displacement currents 
w i l l be measured i n a d d i t i o n t o the p r e c i p i t a t i o n c u r r e n t , 
and so some method of compensation f o r these a d d i t i o n a l c urrents 
must be devisedo 
One method, o r i g i n a l l y devised by WILSON (1916) , uses a 
second i n v e r t e d p l a t e t o measure the a d d i t i o n a l c u r r e n t s , 
but not the p r e c i p i t a t i o n current.. The currents measured 
by the two pl a t e s are subtracted t o estimate the p r e c i p i t a t i o n 
c u r r e n t densityo A system of instantaneous compensation f o r 
conduction and displacement c u r r e n t s was devised by KASEMIR 
( 1 9 5 5 ) " A current-measuring c i r c u i t , e f f e c t i v e l y having a 
time constant equal t o the r e l a x a t i o n time o f the atmosphere, 
instantaneously s u b t r a c t s the conduction and displacement 
c u r r e n t s from the t o t a l c u r r e n t t o a s i n g l e i s o l a t e d p l a t e . 
This method has the disadvantage, however, of i n t e g r a t i n g 
the p r e c i p i t a t i o n c u r r e n t density w i t h the time constant of 
the measuring circuit» 
/in a l t e r n a t i v e approach i s t o measure the p o t e n t i a l 
g r a d ient and c o n d u c t i v i t y separately, from which the d i s p l a c e -
ment and conduction c u r r e n t s can be determined f o r s u b t r a c t i o n 
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from the t o t a l c o l l e c t o r c u r r e n t . RAMSAY andCHALMERS( 1960) 
used a double electrometer valve i n the current-measuring 
c i r c u i t t o perform the s u b t r a c t i o n a t the same time as the 
cu r r e n t was being measured, w h i l e ASPINALL (1970) used a 
computer t o c a l c u l a t e the p r e c i p i t a t i o n c u r r e n t d e n s i t y from 
recorded p o t e n t i a l g r a d i e n t , c o n d u c t i v i t y and c o l l e c t o r c u r r e n t 
values. 
I t i s d o u b t f u l whether any of these methods e f f e c t i v e l y 
compensates f o r convection c u r r e n t s ; furthermore ASPINALL 
(1972) has found evidence of a "mechanical t r a n s f e r c u r r e n t " 
of ions t o an exposed r e c e i v e r , due t o small-scale a i r motionso 
3o 1 . k The s_hie_lded c o l l e c t o r 
I n t h i s type of c o l l e c t o r , the c o l l e c t i n g surface i s 
shielded from the atmospheric p o t e n t i a l g r a d i e n t , e l i m i n a t i n g 
the conduction and displacement c u r r e n t s . The c o l l e c t i n g 
surface i s u s u a l l y shielded by a ra i s e d and earthed m e t a l l i c 
c y l i n d e r surrounding i t , w h i c h also l a r g e l y e l i m i n a t e s the 
e f f e c t s of convection c u r r e n t s . 
This type of c o l l e c t o r has the disadvantage, however, 
of not c o l l e c t i n g a l l the p r e c i p i t a t i o n , p a r t i c u l a r l y under 
windy c o n d i t i o n s . Selective capture of l a r g e r p r e c i p i t a t i o n 
p a r t i c l e s i s possible under such c o n d i t i o n s , as these are 
a f f e c t e d less by the wind. I f l a r g e r p a r t i c l e s are charged 
d i f f e r e n t l y from smaller ones, a d i s t o r t i o n as w e l l as 
re d u c t i o n of the p r e c i p i t a t i o n c u r r e n t could r e s u l t . 
RAMSAY and CHALMERS ( 1 9 6 0 ) , however, operated both 
exposed.and shielded r e c e i v e r s i n q u i e t p r e c i p i t a t i o n , and 
di d not det e c t any s i g n i f i c a n t d i f f e r e n c e s i n the measured 
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p r e c i p i t a t i o n c u r r e n t s . During s i m i l a r p r e c i p i t a t i o n , 
OWOLABI and CHALMERS (1965) found two shielded c o l l e c t o r s 
t o give c o n s i s t e n t readings when s i t u a t e d up t o 1 km apart.. 
Under q u i e t c o n d i t i o n s , i t would t h e r e f o r e seem t h a t a 
shielded r e c e i v e r can give meaningful readings. 
3»1•5 The choice of c o l l e c t o r 
Since q u i e t p r e c i p i t a t i o n c o n d i t i o n s were t o be stu d i e d , 
and the associated meteorological c o n d i t i o n s were also expected 
t o be q u i e t , i t was decided t o use a shielded c o l l e c t o r . 
As t h i s type of c o l l e c t o r i s easier t o maintain and operate, 
i t should prove more r e l i a b l e f o r continuous o p e r a t i o n i n both 
r a i n and snow than an exposed c o l l e c t o r . 
The design of the c o l l e c t o r i s shown i n Fig. 3«1» and 
i s based on t h a t of SCRASE ( 1 9 3 8 ) , but using a l a r g e r diameter 
s h i e l d and modern P.T.F.E. i n s u l a t o r s . A s h i e l d i n g c y l i n d e r 
of height twice i t s diameter has been shown by OWOLABI and 
OLOAFE (1969) t o provide the b e 3 t s h i e l d i n g of the c o l l e c t i n g 
surface, and so a s h i e l d of 1 m height and 0 o 5 m diameter was 
chosen. The c o l l e c t i n g surface i s an i n v e r t e d cone of d i a -
meter 30 cm. A s h i e l d t o prevent drops splashing from the 
r i m of the c y l i n d e r i n t o the c o l l e c t i n g cone l i m i t e d the 
e f f e c t i v e diameter of the c o l l e c t i n g surface t o 25 cm, g i v i n g 
a c o l l e c t i n g area of 0 .049 m2. The c o l l e c t i n g cone empties 
through a hole i n i t s base i n t o a brass cup, from which the 
water runs out through a rubber tube. The c o l l e c t o r i s 
constructed from aluminium. 
The p r e c i p i t a t i o n c u r r e n t i s measured by a Rank Nucleonics 
d.c. a m p l i f i e r , housed i n the space beneath the c o l l e c t i n g cone 
The connection from the c o l l e c t i n g cone t o the a m p l i f i e r i n p u t 
FIG. 3.1 The shielded precipitation collector 
Ear thed shield 
10 cm 
Splashing shield RIFE. 
insulator 
Co l lec t ing cone 
Rank dc 
ampl i f ie r 
C o a x i a l cable 
Heat ing bulb Outle-fc pip$ 
GROUND 
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i s by c o a x i a l cable, f i r m l y attached t o the c o l l e c t o r t o 
prevent any spurious s i g n a l s due t o movement of the cable, 
A 0 t o 1 raA recorder output was fed from the a m p l i f i e r t o 
the Observatory l a b o r a t o r y . 
To minimize condensation on the P°T*F.E. i n s u l a t o r s 
and i n the a m p l i f i e r , two 60 W .mains bulbs were c o n t i n u a l l y 
run beneath the cone, connected i n s e r i e s t o prolong t h e i r 
l i f e . 
The constructed c o l l e c t o r i s shown i n F i g , 3«2. 
3,1.6. The operation of the c o l l e c t o r 
The c o l l e c t o r proved as r e l i a b l e i n operation as had 
been hoped p any f a i l u r e s u s u a l l y being due t o loss of i n s u l a t i o 
of the c o l l e c t i n g cone. To maintain the necessary high 
r e s i s t a n c e of about 10 ohm across the P.T.F.E. i n s u l a t o r s , 
they were cleaned about once a f o r t n i g h t t o remove any d i r t 
or grease by w i p i n g w i t h a clean t i s s u e dampened w i t h carbon 
t e t r a c h l o r i d e . Loss of i n s u l a t i o n was n o t i c e a b l e by a 
gradual d r i f t of the Rank output from zero u n t i l a constant 
f u l l - s c a l e d e f l e c t i o n r e s u l t e d . 
During the summer, the formation of spiders' webs across 
the i n s u l a t o r s and between the c o l l e c t i n g cone and the s h i e l d -
i n g c y l i n d e r sometimes caused loss of i n s u l a t i o n , p a r t i c u l a r l y 
when they became damp. This problem could be minimized by 
each morning running a screwdriver arcund the space between 
the cone and s h i e l d t o break the webs, but they o f t e n re-formed 
by n i g h t . 
The c o l l e c t o r was run continuously, w i t h the Rank a m p l i f i e 
u s u a l l y set t o give a f u l l scale reading of 1 pA, repr e s e n t i n g 
a p r e c i p i t a t i o n c u r r e n t density of about 20 pAm ~. The 








s h i e l d i n g was p e r f e c t l y adequate, w i t h no d e f l e c t i o n s 
a t t r i b u t a b l e t o p o t e n t i a l gradient changes or conduction 
c u r r e n t s being observed when p r e c i p i t a t i o n was not f a l l i n g . 
The c o l l e c t o r also f u n c t i o n e d d u r i n g snow, but the 
e f f e c t s of wind were then f a r more n o t i c e a b l e , w i t h any wind 
•speed i n excess of about 5 ms""*" considerably reducing the 
p r e c i p i t a t i o n c u r r e n t measured. The c o l l e c t o r , however, 
continued t o operate when up t o 15 cm of snow was l y i n g on 
the ground, which would almost c e r t a i n l y have prevented an 
exposed c o l l e c t o r from o p e r a t i n g . Eventually the shielded 
c o l l e c t o r f a i l e d when the o u t l e t pipe f r o z e , causing the 
brass cup t o f i l l w i t h water, which shorted t o the c o l l e c t i n g 
cone whenever a drop f e l l from i t . 
3 . 1 . 7 Recommendations f o r f u t u r e work 
For measurement i n q u i e t p r e c i p i t a t i o n , use of the 
shielded r e c e i v e r i s probably as accurate a method of measure-
ment as use of the exposed r e c e i v e r . Both types of c o l l e c t o r 
could b e n e f i t from the use of i n t e g r a t e d c i r c u i t F.E.T. amp-
l i f i e r s , a wide range of which are now a v a i l a b l e . These 
u n i t s may o f f e r a performance equal t o t h a t of the conventional 
Rank d.c. a m p l i f i e r or V i b r a t i n g Reed Electrometer, but occupy 
f a r less space, can be made completely weatherproof and avoid 
the need f o r an outside a.c. mains supply. 
3.2 The measurement of p o t e n t i a l g r a d i e n t 
3.2.1 The f i e l d m i l l 
Of the various instruments used t o measure p o t e n t i a l 
g r a d i e n t , the f i e l d m i l l w a 3 chosen f o r the present work as 
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i t o f f e r s the best combination of s e n s i t i v i t y , response and 
ease of use. The p r i n c i p l e of operation of the f i e l d m i l l 
has been described elsewhere ( f o r example CHALMERS> 1967)i 
and so only the methods of s i g n d i s c r i m i n a t i o n w i l l be 
considered here. 
As the conventional f i e l d m i l l produces a s i n u s o i d a l 
output voltage s i g n a l , i t cannot d i r e c t l y d i s t i n g u i s h between 
p o s i t i v e and negative p o t e n t i a l g r a d i e n t s , and so some method 
of s i g n d i s c r i m i n a t i o n i s needed. 
One method i s t o o f f s e t the zero of the f i e l d m i l l by 
applying a bias voltage t o a second s t a t o r mounted above the 
r o t o r (see Fig. 3 ° 3 ) } which applies a constant a r t i f i c i a l 
p o t e n t i a l g r a d i e n t t o the lower sta.tor. Any e x t e r n a l p o t e n t i 
gradient i s then added t o or subtracted from t h i s a r t i f i c i a l 
v a l ue. A s i m i l a r approach i s t o apply a known voltag e at 
i n t e r v a l s t o a normally earthed guard r i n g surrounding the 
s t a t o r and r o t o r . The sign of the p o t e n t i a l g r a d i e n t i s 
found by the d i r e c t i o n of the d e f l e c t i o n produced on t h e 
f i e l d m i l l output. 
A l t e r n a t i v e l y , a phase s e n s i t i v e device can be used, as 
the phase of the a l t e r n a t i n g f i e l d m i l l s i g n a l w i l l s h i f t by 
180° when the sig n of the p o t e n t i a l gradient changes. By 
comparing the phase of the f i e l d m i l l s i g n a l w i t h t h a t of a 
reference s i g n a l of constant phase, the p o t e n t i a l gradient 
s i g n can be determined. 
I n the present work, the f i e l d m i l l s were expected t o 
operate continuously under adverse weather c o n d i t i o n s , and 
so a simple design was r e q u i r e d . A new design of f i e l d m i l l , 
t h a t of LANE - SMITH (196?), avoided the need f o r separate 
FIG, 3.3 Basic design of a f ield mill 
( a ) P L A N V I E W 
ARTHED ROTOR / 
L O W E R F I X E D 
STATOR 
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FIG. 3.5 Field mill output vol tage ( Lane-Smith design) 
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sign d i s c r i m i n a t i o n , and so t h i s design was adopted. 
3•2o2 The f i e l d m i l l design of Lane ~ Smith 
This design of f i e l d m i l l avoids the need f o r a. separate 
method of sign d i s c r i m i n a t i o n by producing an asymmetric 
t r i a n g u l a r waveform, whereas conventional f i e l d m i l l s produce 
a symmetric s i n u s o i d a l waveform. This i s achieved by using 
a s t a t o r and r o t o r w i t h 2 2 | ° arms, instead of the usual 4 5 ° 
arms. The waveforms from the s t a t o r of both types of m i l l 
are shown i n F i g . 3»4» a f t e r i n t e g r a t i o n by the p a r a l l e l 
r e s i s t a n c e and capacitance between the s t a t o r and e a r t h . 
The waveforms produced by the Lane - Smith f i e l d m i l l f o r 
equal p o s i t i v e and negative p o t e n t i a l g radients are shown i n 
Fig. 3»5» where i t can be seen t h a t r e v e r s a l of the p o t e n t i a l 
gradient r e s u l t s i n an i n v e r t e d waveform. 
Since the waveform i s asymmetrical about the zero v o l t a g e 
l e v e l , there i s a greater peak voltage i n one d i r e c t i o n than in 
the other, depending on the sigr. of the p o t e n t i a l g r a d i e n t . 
A f t e r a m p l i f i c a t i o n , the s i g n a l from the f i e l d m i l l i s passed 
i n t o a " d e t e c t o r " c i r c u i t , which gives a d.c. output p r o p o r t i o n a l 
t o the d i f f e r e n c e between the peak voltages reached by the s i g n a l . 
The sign of t h i s output w i l l be the same as t h a t of the p o t e n t i a l 
g r a d i e n t . High frequency spurious noise or low frequency 
s i n u s o i d a l pick-up do not u s u a l l y a f f e c t the detector output, 
as these produce equal p o s i t i v e and negative voltage d e f l e c t i o n s . 
3 . 2 . 3 The constructed f i e l d _m_ills 
Three i d e n t i c a l f i e l d m i l l s were constructed, two f o r 
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(see Sec. 3 « 2 . 5 ) and t o act as a spare. The design and 
dimensions are shown i n Fi g . 3 . 6 . 
The f i e l d m i l l s were constructed from aluminium, w i t h 
the s t a t o r i n s u l a t e d from the base p l a t e by nylon b o l t s . 
O r i g i n a l l y gramophone-type a.c. synchronous motors were 
used, but these proved l i a b l e t o overheating, and i n one 
case burnt out. Capacitor s t a r t a.c. motors were s u b s t i t u t e d , 
and these proved completely r e l i a b l e . 
The motor and e l e c t r o n i c a m p l i f i e r , which was constructed 
on Veroboard, were housed i n a weatherproof aluminium box,and 
separated by an earthed screen t o prevent hum pick-up by 
the a m p l i f i e r ( F i g . 3.7). The d.c. supply f o r the a m p l i f i e r 
was provided e x t e r n a l l y through c o a x i a l cable, and the output 
t o the Observatory l a b o r a t o r y was also by c o a x i a l cable. 
The in p u t t o the a m p l i f i e r from the s t a t o r was by means of 
screened microphone cable. The m i l l s were mounted i n v e r t e d 
t o p r o t e c t them from t h e r a i n ( F i g . 3«S)» 
3 . 2 . 4 The e l e c t r o n i c s 
The frequency of the i n p u t s i g n a l from the s t a t o r was 
about 200 Hz, and so an audio a m p l i f i e r was used t o amplify 
the i n p u t s i g n a l , t y p i c a l l y of a few m i l l i v o l t s amplitude. 
The c i r c u i t , based on the design of STRINGFELLOW (1969) , i s 
shown i n F i g . 3 . 9 . The f i r s t two stages form a "bootstrapped" 
c u r r e n t a m p l i f i e r , p r o v i d i n g the necessary high i n p u t impedance 
of the c i r c u i t . The t h i r d stage i s a voltage a m p l i f i e r of 
gain about 100 , being set by the potentiometer Rv. The 
f i n a l stage i s an em i t t e r f o l l o w e r , a c t i n g as a b u f f e r between 
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FIG. 3.7 The f ield mill 
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Th e d e t e c t o r c i r c u i t i s shown i n Fig. 3 » 1 0 , and i s 
a k - diode network, g i v i n g a d.c. output p r o p o r t i o n a l t o 
the d i f f e r e n c e between the peak voltages a t t a i n e d by the 
a.c. s i g n a l f r o m t h e a m p l i f i e r . The detector c i r c u i t 
output i s set t o zero by adjustment of r e s i s t o r R« 
The d e t e c t o r c i r c u i t s for- the outside f i e l d m i l l s were 
housed i n the Observatory l a b o r a t o r y , connected t o t h e 
a m p l i f i e r s i n the f i e l d m i l l s through c o a x i a l cable. 
3 . 2 o 5 C a l i b r a t i o n of the f i e l d m i l l s 
The f i e l d m i l l s were c a l i b r a t e d by applying known 
p o t e n t i a l g r a d i e n t s , and measuring the corresponding d e t e c t o r 
c i r c u i t outputso A i m diameter c i r c u l a i " metal p l a t e was 
mounted around the s t a t o r , the centre of the p l a t e having 
been s u i t a b l y cut out, and another 1 m diameter p l a t e mounted 
5 cm above. Known voltage d i f f e r e n c e s were applied across 
the p l a t e s ; f o r example a d i f f e r e n c e of 2 0 V produced a 
p o t e n t i a l gradient of 1 0 0 0 Vm~^ at the s t s t o r . 
A t y p i c a l c a l i b r a t i o n i s shown i n F i g . 3 * 1 1 . The 
s l i g h t d i f f e r e n c e i n slopes f o r p o s i t i v e and negative 
p o t e n t i a l g r a d i e n t s i s probably due t o small d i f f e r e n c e s i n 
the c h a r a c t e r i s t i c s of the diodes i n the d e t e c t o r c i r c u i t o 
A more serious f e a t u r e i s the reduced response at low p o t e n t i a l 
g r a d i e n t s , due t o the presence of noise and other spurious 
s i g n a l s of amplitude comparable t o the d e t e c t o r output. 
These e f f e c t s were allowed f o r duri n g the c a l c u l a t i o n of the 
p o t e n t i a l g r a d i e n t values from the det e c t o r output values 
on the computer, by using s u i t a b l e c a l i b r a t i o n equations f o r 
each p a r t of the> c a l i b r a t i o n curve, 
FIG, 3.10 The detector circuit 
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Serious e r r o r s could a r i s e at high values of p o t e n t i a l 
g r a d i e n t , when the input s i g n a l from the s t a t o r may be so 
great t h a t the a m p l i f i e r " c l i p s " the waveform, as i l l u s t r a t e d 
i n F i g . 3 » 1 2 . Any c i r c u i t , such as the det e c t o r c i r c u i t , 
measuring the amplitude of the s i g n a l w i l l give a s p u r i o u s l y 
low output i n such an instance, and i n extreme cases the 
output may even decrease w i t h i n c r e a s i n g p o t e n t i a l g r a d i e n t * 
To avoid t h i s happening, the a m p l i f i e r gain was set so 
t h a t c l i p p i n g was c e r t a i n not t o occur^ not only w i t h i n the 
c a l i b r a t e d range, but f o r p o t e n t i a l gradients about 20% i n 
excess of the c a l i b r a t e d range. Thus, f o r the c a l i b r a t e d 
range of 0 t o - 1 5 0 0 Vm~\ re d u c t i o n i n the detector output 
d i d not occur u n t i l the p o t e n t i a l g r a d i e n t was i n excess of 
2 0 0 0 Vm-!., The few occasions when spu r i o u s l y low values 
of p o t e n t i a l gradient s t i l l r e s u l t e d could u s u a l l y be 
recognised from the behaviour of the c h a r t records* 
Unless a f i e l d m i l l i s run l e v e l w i t h the Earth's 
surface, the atmospheric p o t e n t i a l g r a d i e n t w i l l be d i s t o r t e d 
by whatever s t r u c t u r e the m i l l i s mounted upon. The f i e l d 
m i l l mounted i n v e r t e d on a stand a t 1 m height and the m i l l 
on the mast at 1 0 m w i l l both d i s t o r t the p o t e n t i a l g r a d i e n t 
they are measuring. To allow f o r t h i s , an "exposure f a c t o r " 
i s determined f o r each m i l l by comparing i t s output w i t h t h a t 
jof a m i l l running u p r i g h t w i t h i t s s t a t o r at ground le v e l ,w e ] ] 
away from the stand or mast. The r a t i o between the p o t e n t i a l 
gradient measured by the u p r i g h t and i n v e r t e d m i l l s i s the 
"exposure f a c t o r " of the i n v e r t e d m i l l . To minimize the 
e f f e c t s of any l o c a l i s e d space charges on e i t h e r of the m i l l s , 
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the exposure f a c t o r i s evaluated f o r s e v e r a l hours of 
readings, taken i n cairn, f a i r - w e a t h e r c o n d i t i o n s . 
The exposure f a c t o r f o r the ground i n v e r t e d m i l l was 
found t o be 1 . 2 , w h i l e t h a t f o r the 1 0 m mast m i l l was 1 . 4 . 
To f i n d the t r u e p o t e n t i a l g r a dient values, the i n v e r t e d f i e l d 
m i l l readings must be m u l t i p l i e d by t h i s f a c t o r o 
3 . 2 . 6 Operation of the f i e l d m i l l s 
The ground i n v e r t e d m i l l has operated continuously since 
August 1 9 7 1 > w i t h only occasional i n t e r r u p t i o n s f o r cleaning 
and r e - c a l i b r a t i o n . The mast f i e l d m i l l has proved less 
r e l i a b l e , being more exposed to the weather and less accessible 
i n the event of f a i l u r e , but nevertheless has been a v a i l a b l e 
f o r most re c o r d i n g periods. The c a l i b r a t i o n s of both m i l l s 
have been checked monthly, and no s i g n i f i c a n t v a r i a t i o n s were 
n o t i c e d apart from s l i g h t d r i f t i n g of the zero readings, due 
t o backlash i n the preset r e s i s t o r s used i n the d e t e c t o r 
c i r c u i t . 
3 • 3 The r a i n switch 
3 . 3 ° 1 I n t r o d u c t i o n 
The p r e c i p i t a t i o n c u r r e n t c o l l e c t o r and the f i e l d m i l l 
outputs were i n i t i a l l y recorded on a Honeywell Brown p o t e n t i o -
metric c h a r t recorder, l a t e r t o be replaced by the data handling 
system described i n Chapter l+* I t was obviously w a s t e f u l t o 
record the instrument outputs continuously, and so a method of 
automatic s w i t c h i n g of the recording system was needed. This 
would switch on the r e c o r d i n g system a t the s t a r t of p r e c i p i t a t i o n , 
and i f possible switch i t o f f when p r e c i p i t a t i o n ceased. 
FIG. 3.12 Clipping of f ield mill signal 
( a ) U n a f f e c t e d s i g n a l : p e a k v o l t a g e V 0 
V 
( b) Clipped signal : peak vo l tage V c instead of t r u e value V e 
FIG 3.13 The rain switch circuit 
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I t is possible t o use the p r e c i p i t a t i o n c u r r e n t 
c o l l e c t o r f o r t h i s purpose, as i t gives an output only d u r i n g 
periods of r a i n or snow. However any d r i f t due t o loss of 
i n s u l a t i o n or s h o r t i n g of the i n s u l a t o r s would have also 
i n i t i a t e d r e c o r d i n g , and there may have been u n c e r t a i n t y at 
low values of p r e c i p i t a t i o n c u r r e n t . I t was thus decided t o 
use a separate device which d i d not r e l y on the c o l l e c t o r 
outputo 
3 » 3 » 2 The r a i n switch design 
Previous designs of r a i n s w i t c h or de t e c t o r , such as 
t h a t of COLLIN ( 1 9 6 7 ) , have used two exposed contacts separated 
by b l o t t i n g paper, or s i m i l a r m a t e r i a l s w h i c h loses i t s i n s u l a -
t i o n when damp. A c u r r e n t can then flow, t r i g g e r i n g a r e l a y 
or other devicec 
A switch was thus b u i l t , c o n s i s t i n g of a lower metal 
p l a t e , separated from an upper wire g r i d by a sheet of b l o t t i n g 
paper. Connections were made t o the p l a t e and the wire g r i d , 
which passed s u f f i c i e n t c u r r e n t when the paper was dampened 
by r a i n t o close a t r a n s i s t o r - d r i v e n r e l a y ( F i g . 3 » 1 3 ) « 
An improvement was soon made by r e p l a c i n g the wir e g r i d and 
p l a t e .arrangement by a s i n g l e sheet of "Veroboard", which 
c o n s i s t s of narrow copper s t r i p s f i x e d t o an i n s u l a t i n g 
backing sheet. The connections were made t o two s t r i p s , 
separated by another two s t r i p s , which short when dampened by 
r a i n , or snow. Placing a sheet of b l o t t i n g paper over the 
s t r i p s prevented the r a i n switch d r y i n g during s h o r t breaks 
i n p r e c i p i t a t i o n . The constructed r a i n switch i s shown i n 
Fig . 3 . 1 4 . 
FIG. 3.14 The rain switch 
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Th e r e l a y was connected t o the on-off s w i t c h of the 
chart recorder, s w i t c h i n g i t on when the r e l a y closed, and 
sw i t c h i n g i t o f f again when the r a i n switch d r i e d a f t e r the 
end of p r e c i p i t a t i o n o When the chart recorder was replaced 
by the data handling system, the r e l a y was used t o s t a r t the 
channel s e l e c t o r and tape recorder (see Chapter 4)° 
3• 3<>3 Operation of the r a i n s w i t c h 
The r a i n switch proved very u s e f u l , p a r t i c u l a r l y when 
p r e c i p i t a t i o n s t a r t e d or f i n i s h e d overnighto The r e l a y 
would close a few minutes a f t e r the s t a r t of p r e c i p i t a t i o n , 
and open again about an hour a f t e r the end of p r e c i p i t a t i o n . 
Heating of the r a i n s w i t c h might have made i t dry out f a s t e r , 
but i t was f e l t t h a t t h i s could cause u n c e r t a i n t y i n s w i t c h i n g 
d u r i n g l i g h t p r e c i p i t a t i o n . 
The switch also functioned d u r i n g snow, but tended t o 
freeze, causing the r e l a y t o remain closed. Heating may 
w e l l have been u s e f u l i n these c o n d i t i o n s , and i t i s recommended 
t h a t i t i s adopted i n any f u t u r e design of r a i n s w i t c h , espec-
i a l l y f o r use i n snow. 
3.4 The re c o r d i n g s i t e 
3.4.1 The Observatory 
Durham Observatory i s loc a t e d about 1 km S.W. of Durham 
(Ordnance Survey g r i d reference NZ 267424) on a s l i g h t h i l l , 
at a height of 120 m above sea l e v e l ( F i g . 3 . 1 5 ) - The 
p r e c i p i t a t i o n c urrent c o l l e c t o r , f i e l d m i l l s and r a i n s w i t c h 
were set up i n a f i e l d a d j o i n i n g the Observatory f shown i n 
Figs. 3.16 and 3.17. The f i e l d slopes gently downwards away 
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from the Observatory. 
To avoid any d i s t o r t i o n of the p o t e n t i a l g r a dient at 
the ground by the 2 1 m rnast, the ground f i e l d m i l l and 
p r e c i p i t a t i o n c u r r e n t c o l l e c t o r were located away from the 
mast, at a distance nearly equal t o i t s h e i g h t . They were 
also located away from the top of the f i e l d , where a hedge 
and some bushes could have caused s h i e l d i n g effects<> The 
mast f i e l d m i l l was located a t 1 0 m h e i g h t , as the d i s t o r t i o n 
of the p o t e n t i a l g r a d i e n t i s considerably l a r g e r a t higher 
p o i n t s on the mast. 
Meteorological readings are c o n t i n u a l l y made at the 
Observatory, and these records were used t o obt a i n the 
meteorological c o n d i t i o n s d u r i n g each recorded p e r i o d of 
p r e c i p i t a t i o n . 
3 . 4 o 2 Power supplies a t the recording s i t e 
The f i e l d m i l l s and p r e c i p i t a t i o n c u r r e n t c o l l e c t o r 
r e q u i r e d a.c. mains s u p p l i e s , and i n a d d i t i o n the f i e l d m i l l s 
used a + 1 2 V d.c. supply f o r the a m p l i f i e r s . A power d i s t r i b -
u t i o n board, housed i n a weatherproof cabinet, was set up i n 
the Observatory f i e l d , f e d f r o m the Observatory l a b o r a t o r y 
through an i s o l a t i o n transformer. A d.c. power supply, 
p r o v i d i n g the + 1 2 V supply, was also run from t h e board t o 
minimize any voltage drop along the connecting cables running 
t o t h e f i e l d mills., 
A l l connecting cables were c a r r i e d about 1 f t . above the 
ground, t o p r o t e c t them against snow and dampness. An 
outside earth was provided by a copper e a r t h i n g s t r i p running 
from an e a r t h i n g p l a t e b u r i e d beneath the mast t o t h e Observ-
atory l a b o r a t o r y . A l l outside equipment and d.c. supplies 
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i n s i d e the l a b o r a t o r y were earthed t o t h i s s t r i p t o avoid 
earth loops. 
3.5 The recording of the data 
3»5»1 The chart recorder 
I n i t i a l l y , a Honeywell-Brown m u l t i - p o i n t p o t e n t i o m e t r i c 
c h a r t recorder was used t o record the instrument outputs. 
This recorder has 16 channels, p r i n t e d s e q u e n t i a l l y ? each 
w i t h i t s number f o r i d e n t i f i c a t i o n . Each instrument output, 
a f t e r r e d u c t i o n t o the 0 t o i 2.5 mV recorder range, was 
connected t o two channels. Thus the ground f i e l d m i l l was 
connected t o channels 1 and 9> the mast f i e l d m i l l t o channels 
3 and 11, and the p r e c i p i t a t i o n c u r r e n t c o l l e c t o r t o channels 
5 and 13, the remaining channels being shorted t o give a 
zero reading. Each instrument reading was p r i n t e d every 15 So 
The on-off recorder switch was connected through the r a i n 
switch (Sec. 3»3)> so t h a t the recorder operated a u t o m a t i c a l l y 
d u r i n g periods of p r e c i p i t a t i o n . 
3.5«2 The data handling; system 
To f a c i l i t a t e computer analysis of the recorded data, 
the c h a r t recorder was subsequently replaced by the data 
handing system, f u l l y described i n the next chapter. The 
data was then recorded on magnetic tape f o r subsequent playback 
i n t o a "Data Capture U n i t " , a device which p r i n t s the recorded 
data values on a paper r o l l . The values on the paper r o l l 
are then punched on t o computer cards. 
The' system has an i n p u t range of -1 V t o - 11 V, and so 
three d.c. a m p l i f i e r s were constructed t o amplify the f i e l d 
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m i l l d e tector and p r e c i p i t a t i o n c u r r e n t outputs t o t h i s 
range. 
3• 5•3 The d.c. a m p l i f i e r s 
Two designs of d.c. a m p l i f i e r were r e q u i r e d , one t o 
convert the 0 t o - 500 mV dete c t o r c i r c u i t output t o the 
- 1 V t o - 11 V range of the data, handling system, and the 
other to s i m i l a r l y convert t h e 0 t o ~ 1 mA output from the 
Rank a m p l i f i e r i n the p r e c i p i t a t i o n c u r r e n t c o l l e c t o r * 
The c i r c u i t s , using Radiospares 709 i n t e g r a t e d c i r c u i t 
o p e r a t i o n a l a m p l i f i e r s , are shown i n Fig. 3.18. Two 
o p e r a t i o n a l a m p l i f i e r s are used i n the second c i r c u i t , one 
t o produce most of the voltage gain, and the second t o bias 
the output t o a negative p o l a r i t y . The c h a r a c t e r i s t i c s of 
the constructed c i r c u i t s are shown i n Fig. 3«19» 
3. 5 • A- The f i n a l system 
The i n s t r u m e n t a t i o n i n i t s f i n a l form i s shown i n 
Fig. 4.13 . The right-hand instrument rack contains the 
f i e l d m i l l d e t ector c i r c u i t s and d.c. a m p l i f i e r s , w i t h the 
t 15 V power supply beneath. The l e f t - h a n d rack contains 
the r a i n switch r e l a y c i r c u i t , the r e c o r d i n g system of the 
data handling system and at the top the F a r n e l l L30T power 
supply. The inputs t o the recording system were monitored 
on a 4 channel 0 t o 1 mA pen recorder, which was allowed t o 
record continuously. This system was used, f o r the e n t i r e 
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CHAPTER k 
The Data Handling: System 
4.1 The need f o r a data handling system 
To perform the s t a t i s t i c a l analysis of the data 
recorded d u r i n g periods of p r e c i p i t a t i o n , i t i s e s s e n t i a l 
t o use a d i g i t a l computer f o r the l a r g e amount of c a l c u l a t i o n 
i n v o l v e d . To do t h i s , the recorded data must be presented 
i n a form s u i t a b l e f o r i n p u t t o the computer. At Durham 
Un i v e r s i t y , the computer( an IBM 3 6 0 / 6 7 ) uses punched cards 
as the usual form of i n p u t , and less commonly punched paper 
tape. A system was thus r e q u i r e d t o present the f i e l d 
m i l l and p r e c i p i t a t i o n c u r r e n t c o l l e c t o r outputs e i t h e r as 
values punched on cards or paper tape, or i n a form r e a d i l y 
c o n v e r t i b l e t o such. 
These requirements would have been met by a data 
log g i n g system, many types of which are a v a i l a b l e commercially. 
A data-logging system converts a number of analogue inputs 
from measuring instruments i n t o an output of punched cards, 
punched paper tape or magnetic tape s u i t a b l e f o r d i r e c t 
i n p u t t o a computer, and can also give a p r i n t e d record 
of the data values. I n q u i r i e s showed t h a t such a system, 
even on the comparatively small scale needed f o r the author's 
requirements, was beyond the resources of the research group, 
and so a l t e r n a t i v e methods had t o be considered. 
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4.2 The "D - Mac" c h a r t reader 
I n i t i a l l y , 8 ch a r t recorder was used t o record the 
f i e l d m i l l and p r e c i p i t a t i o n c urrent c o l l e c t o r outputs. 
I t soon became evident t h a t reading the c h a r t values by-
eye f o r subsequent punching on to cards would be tedious 
end time consuming, and so some form of chart reading 
device was necessary.. 
The Computer Unit at Durham possessed a "D - Mac" 
chart reader, a device which enables c h a r t records, maps 
and diagrams to be produced as a s e r i e s of values punched 
on paper tape. By t r a c i n g the chart record w i t h a pen 
connected t o the reader, the x and y co-ordinates of any 
pen p o s i t i o n can be punched on the paper tape by pressing 
a t r i g g e r b u t t o n . Thus by f o l l o w i n g the p o t e n t i a l gradient 
and p r e c i p i t a t i o n c u r r e n t records w i t h the pen, t h e i r values 
i n terms of the pen co-ordinates could be obtained on a 
punched paper tape. 
This method s t i l l proved somewhat t e d i o u s , however, 
p a r t i c u l a r l y w i t h long records. Moreover, the "D = Mac" 
had been designed t o i n t e r f a c e w i t h the previous computer 
at Durham, an E l l i o t t 803 , and so a considerable p r o p o r t i o n 
of the o v e r a l l computing time would have been needed t o 
convert the paper tape data t o a format s u i t a b l e f o r the 
present computer. Also, the Computer Unit could not give 
an assurance t h a t the "D - Mac" could be r e p a i r e d i f a 
serious f a u l t occurred, and so t h i s method of handling 
the data was not adopted. 
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4 . 3 The chosen system 
At the same time as the author was considering 
various methods of data handling, a colleague, Mr. CD. Jones f 
had a s i m i l a r requirement f o r processing data from mobile 
equipment being used f o r outdoor turbulence measurements. 
His i n t e n t i o n was to record the data on a portable magnetic 
tape recorder f o r playback at the l a b o r a t o r y i n Durham 
and subsequent conversion t o computer i n p u t . By recording 
the author's data also on magnetic tape, i t seemed possible 
t o use a common system of data recording and playback. 
A Weyfringe "Data Capture U n i t " was thus obtained 
f o r use i n both playback systems. This device c o n s i s t s 
of a d i g i t a l v o ltmeter w i t h a p r i n t e r , enabling the voltm e t e r 
readings t o be a u t o m a t i c a l l y p r i n t e d as a se r i e s of values 
on a paper r o l l . By using a s u i t a b l e playback system t o 
enable the magnetic tape t o be replayed on t o the Data Capture 
U n i t , a p r i n t e d record of the data values can be obtained. 
The data values on the paper r o l l can then be punched on t o 
computer cards by the Punching S t a f f of the Computer U n i t . 
This system proved capable of producing the data as 
computer i n p u t w i t h a minimum of i n t e r v e n t i o n by the 
observer, as both r e c o r d i n g and playback could be performed 
a u t o m a t i c a l l y once s t a r t e d . A chart recorder was, however, 
r e t a i n e d t o provide an immediate v i s u a l r e c o r d during 
r e c o r d i n g , which enabled any f a u l t s or e r r o r s t o be recognised 
before playback, together w i t h any se c t i o n s of tape c o n t a i n i n g 
data u n s u i t a b l e f o r playback. 
- 5 1 -
4«4 The r e c o r d i n g system 
4•4•1 I n t r o d u c t i o n 
This system was adapted from t h a t designed by 
Mr. CD. Jones f o r h i s portable equipment, d i f f e r i n g mainly 
i n the d e t a i l design of c i r c u i t s and the use of a s i n g l e 
p o l a r i t y power supply. The author i s indebted t o Mr. CD. 
Jones f o r the use of h i s o r i g i n a l design. 
A schematic o u t l i n e of the r e c o r d i n g system i s given 
i n F i g . 4»1« The inputs from the measuring instruments 
are switched successively by the channel s e l e c t o r t o the 
voltage-to-frequency converter. This conversion i s 
necessary as the tape recorder can record only a.c. s i g n a l s , 
and so the d.c. s i g n a l s from the measuring instruments 
must be converted t o enable them t o be recorded. 
A "blanking pulse" i s necessary t o separate the s i g n a l s 
from adjacent channels; i t provides a t r i g g e r i n g pulse f o r 
the p r i n t e r when the tape i s replayed i n t o the Data Capture 
U n i t . The i n p u t t o the tope recorder i s thus shorted f o r 
0.5 s by the b l a n k i n g u n i t d u r i n g the switch from one 
channel t o the next. To ensure t h a t the b l a n k i n g pulse 
remains synchronised w i t h the channel s w i t c h i n g , the 
b l a n k i n g u n i t i s d r i v e n by the channel s e l e c t o r d r i v e . 
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4»4«2 The channel s e l e c t i o n 
The channel s e l e c t i o n i s performed by a 12-way 
u n i s e l e c t o r , t r i g g e r e d every 7«5 s by the channel s e l e c t o r 
d r i v e . Each i n p u t channel i s connected t o 3 inputs of 
the u n i s e l e c t o r , making i t i n e f f e c t a 4-way selectoro 
The channel s e l e c t o r d r i v e c i r c u i t , shown i n Fig. 4 » 2 , 
consists of an astable m u l t i v i b r a t o r of period 7*5 Si 
and a monostable m u l t i v i b r a t o r of period 50 ms. The 
output of the astable c i r c u i t i s d i f f e r e n t i a t e d t o provide 
a t r i g g e r pulse f o r the monostable c i r c u i t every 7*5 s; 
t h i s causes the reed switch S-^  t o close f o r 50 ms which 
i n t u r n t r i g g e r s the u n i s e l e c t o r t o advance t o the next 
channel. ..Each i n p u t channel i s thus sampled f o r 7«5 s 
every 30 s, durin g which i t i s connected through the 
voltage-to-frequency converter t o the tape recorder. 
The astable m u l t i v i b r a t o r i s also used t o provide a 
t r i g g e r pulse f o r the blanking u n i t , described i n Sec.4 .4 *4 . 
4 . 4 * 3 The voltage-to-frequency converter 
The c i r c u i t design of MOLYNEUX and DE'SA (1963) was 
adopted f o r t h i s purpose, as i t gives a good l i n e a r 
r e l a t i o n s h i p between i n p u t voltage and output frequency 
over a wide voltage range. The c i r c u i t i s shown i n 
Fig . 4»3> and the c h a r a c t e r i s t i c of the constructed c i r c u i t 
i n F i g . 4»4» 
As can be seen from the c h a r a c t e r i s t i c a minimum i n p u t 
of about - 0 .5 V i s necessary f o r the c i r c u i t t o f i r e , and 
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an output frequency range of '100:Hz t o '190Qllz. 
The d.c. a m p l i f i e r s used t o amplify the f i e l d m i l l and 
p r e c i p i t a t i o n c u r r e n t c o l l e c t o r outputs (Sec. 3 •5•3) 
were consequently biased to give - 6 .0 V output f o r a 
zero i n p u t s i g n a l , and so producing a 1 kHz s i g n a l f o r 
re c o r d i n g . A negative p o t e n t i a l g r a d i e n t , f o r instance, 
increases the d.c. a m p l i f i e r output from - 6 .0 V, wh i l e 
a p o s i t i v e p o t e n t i a l g r a d ient decreases the output t o 
below - 6 .0 V. Hence the higher frequency s i g n a l s on 
the tape recorder correspond to negative p o t e n t i a l g r a d i e n t s 
or p r e c i p i t a t i o n c u r r e n t s , and the lower frequencies t o 
p o s i t i v e i n p u t s . 
The voltage-to-frequency converter output c o n s i s t s 
of a s e r i e s of "spikes", shown i n F i g . 4»5» This form 
of output proved u n s u i t a b l e f o r r e c o r d i n g due t o the 
frequency response of the tape recorder at the low running 
speeds used, which caused considerable a t t e n u a t i o n of the 
higher frequency s i g n a l s . The converter output i s thus 
passed through a monostable c i r c u i t t o convert the spikes 
t o square.pulses, which proved f a r more s u i t a b l e f o r 
r e c o r d i n g . This improvement i n the frequency response 
of the recorder can be seen from F i g . 4.6*. 
4.4.4 The bla n k i n g u n i t 
The b l a n k i n g pulse, described i n Sec. 4 . 4 * 1 , i s 
produced by a monostable c i r c u i t , t r i g g e r e d by the astable 
c i r c u i t of the channel s e l e c t o r d r i v e . The monostable 
c i r c u i t , shown i n F i g . 4«7» has a period of 0.5 s, d u r i n g 
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which the reed switch S2 closes, s h o r t i n g out the input 
t o the tape recorder. A blank pulse of 0 .5 s d u r a t i o n 
i s thus produced on the tape each time the i n p u t channel 
switches. 
4 . 5 The tape recorder 
A P h i l i p s model 4308 tape recorder was used f o r 
reco r d i n g the data. As i t was expected t h a t recording 
would sometimes be necessary o v e r n i g h t , a re c o r d i n g time 
of about 12 hours per tape was thought necessary. The 
lowest running speed of the tape recorder, 1 ? / 8 i . p . s . 
(4*75 cms-''") gave 4 V4 hours running time w i t h a 7 inch 
spool of double-play tape, so the recorder was a l t e r e d 
t o run at j u s t l e ss than i . p . s . (2 cms""^) by 
a d j u s t i n g i t s p u l l e y d r i v e system. This gave a running 
time of 9 hours f o r double play tape; subsequently some 
t r i p l e - p l a y tape was obtained, which gave the re q u i r e d 
running time of 12 hours. 
As mentioned i n Sec. 4«4«3 i reducing the running 
speed caused a t t e n u a t i o n of the hi g h e r frequency s i g n a l s 
i f the voltage-to-frequency converter output was recorded 
d i r e c t l y . For example, a ' 1 0 0 Hz s i g n a l had an amplitude 
of 3*5 V when played back, while a 1.8 kHz s i g n a l had an 
amplitude of only 0 .5 V, which prevented c o r r e c t operation 
of the playback system. Changing the output of the 
converter t o square pulses s u c c e s s f u l l y overcame t h i s 
problem. 
The microphone i n p u t t o the tape recorder was used 
t o record spoken comments at the s t o r t or end of the tape, 
and f o r i d e n t i f i c a t i o n of the tape. The recording and 
- 5 5 -
playback could be monitored through the tape recorder 
loudspeaker i f r e q u i r e d . 
4*6 The playback system 
4.6 .1 I n t r o d u c t i o n 
This system, o u t l i n e d i n F i g . 4 *81 enables the 
recorded tape t o be replayed i n t o the Data Capture U n i t , 
which p r i n t s the recorded data values on a paper r o l l . 
The recorded s e r i e s of frequency modulated s i g n a l s from 
successive i n p u t channels i s reconverted t o a serie s of 
analogue v o l t a g e s i g n a l s by the frequency-to-voltage 
converter, having f i r s t passed the s i g n a l through the 
pulse shaper t o ensure t h a t a l l the frequency pulses are 
i d e n t i c a l square pulses. The converter provides two 
outputs, a 0 t o 200 mV output t o the d i g i t a l voltmeter 
of the Data Capture U n i t , and a 0 t o 5 V output t o the 
p r i n t t r i g g e r u n i t . 
4.6.2 The pulse shaper 
While the d i f f i c u l t y of the poor frequency response 
of the tape recorder had been l a r g e l y overcome, the output 
frequency pulses s t i l l tended t o be rounded and s l i g h t l y 
a t t e n t u a t e d at the higher frequencies. To r e s t o r e the 
square shape of the pulses a Schmitt t r i g g e r c i r c u i t was 
used, producing 4 V amplitude square pulses throughout 
the frequency range of r e c o r d i n g . The c i r c u i t i s shown 
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4.6.3 The frequency-to-voltage converter 
This c i r c u i t (Fig.4.10) consists of a monostable 
m u l t i v i b r a t o r and an i n t e g r a t i n g c i r c u i t , b u f f e r e d by 
an e m i t t e r f o l l o w e r . As the pulse length of the Schmitt 
t r i g g e r output could vary s l i g h t l y at d i f f e r i n g frequencies 
the monostable c i r c u i t ensures t h a t a l l the pulses have a 
le n g t h of 0.5 ms. These pulses, when passed i n t o the 
i n t e g r a t i n g network Rj, C j , w i l l then produce a voltage 
output dependent s o l e l y on the pulse r e p e t i t i o n frequency. 
The output from the converter i s thus a s e r i e s of 
d.c. voltages p r o p o r t i o n a l t o the o r i g i n a l recorded s i g n a l s 
from the i n p u t channels, separated by 0.5 s b l a n k i n g pulses 
The f u l l output i s used as i n p u t t o the p r i n t t r i g g e r u n i t 
(Sec. 4*6.4) > while a 0 t o 200 mV output i s taken f o r 
d i s p l a y on the d i g i t a l v o l t m e t e r of the Data Capture U n i t ; 
the value of t h i s v o l t a g e i s p r i n t e d out. 
4.6.4 The p r i n t t r i g g e r u n i t 
The p r i n t t r i g g e r u n i t ( F i g . 4.11) produces the 
t r i g g e r pulse needed f o r automatic p r i n t i n g of the d i g i t a l 
v o l t m e t e r reading. The volta g e output from the frequency-
t o - v o l t a g e converter i s f i r s t d i f f e r e n t i a t e d by the network 
^ n e n e x t stage i s a reverse-biassed e m i t t e r 
f o l l o w e r c i r c u i t , which only passes the re q u i r e d t r i g g e r 
pulse, e l i m i n a t i n g any spurious pulses or noise o f less e r 
amplitude. 
The t r i g g e r pulse i s then a m p l i f i e d t o provide an 
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c i r c u i t acts as a 5 s time delay, so t h a t the p r i n t e r 
i s t r i g g e r e d only when the voltage on the d i g i t a l v o l t m e t e r 
has reached a steady value between b l a n k i n g pulses. This 
i s achieved by t a k i n g the output from the c o l l e c t o r of 
t r a n s i s t o r ^23* w n e r e the output appears only a f t e r the 
time constant of the c i r c u i t has elapsed. The second 
monostable c i r c u i t , of p e r i o d 1 s, i s then t r i g g e r e d , 
c l o s i n g reed switch f o r t h i s time i n t e r v a l , which 
causes the c u r r e n t d i g i t a l v o l t m e t e r reading t o be p r i n t e d 
by the Data. Capture U n i t . 
The t r i g g e r i n g process i s i l l u s t r a t e d i n F i g . 4*12, 
where waveforms a t various points i n the c i r c u i t are shown. 
The method adopted has the advantage t h a t the p r i n t i n g can 
be t r i g g e r e d from the same t r a c k on the tape on which the 
data values are recorded. 
k»7 Construction of the data handling system 
The e l e c t r o n i c c i r c u i t r y of the r e c o r d i n g and playback 
u n i t s was constructed on "Veroboard", a c i r c u i t board 
c o n s i s t i n g of copper s t r i p s f i x e d t o an i n s u l a t i n g backing 
board. The c i r c u i t boards were constructed as p l u g - i n 
boards mounted on 19-inch aluminium panels s u i t a b l e f o r 
standard instrument racks. Any a l t e r a t i o n o r replacement 
of components was then e a s i l y performed by removing the 
appropriate board. Power supplies f o r the system were 
provided by a F a r n e l l L30T t w i n power u n i t f o r the r e c o r d i n g 
system, which v/as located a t the Observatory, and a s i n g l e 
L30 power u n i t f o r the playback system, located at the 
Atmospheric Physics l a b o r a t o r y a t Durham. 
FIG, 4.12 Prmt t r igger unit waveforms 
( t i m e i n t e r v a l s not t o s c a l e ) 
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Th e constructed r e c o r d i n g system i s shown i n Fig. 4»13» 
and the playback system i n F i g . 4.14» 
4*3 Operation of the system 
The recording u n i t a t the Observatory was arranged 
t o switch on au t o m a t i c a l l y when p r e c i p i t a t i o n s t a r t e d by 
having the u n i s e l e c t o r power supply and the tape recorder 
mains supply connected through a r e l a y operated by the 
r<ain switch (described i n Chapter 3)» When a per i o d of 
p r e c i p i t a t i o n was expected, the tape recorder would be 
se t , the r e c o r d i n g u n i t switched on and t e s t e d , and the 
Uni s e l e c t o r power supply and tape recorder mains supply 
then connected through the fiain switch r e l a y * When 
p r e c i p i t a t i o n s t a r t e d , the r e l a y would close, s t a r t i n g the 
u n i s e l e c t o r and tape recorder. When the p r e c i p i t a t i o n had 
stopped, and the-.rain switch d r i e d , then the r e l a y would 
open, and the r e c o r d i n g s t o p . The system could also be 
switched on or o f f manually i f r e q u i r e d . 
To r e p l a y a tape r e c o r d i n g , the re l e v a n t tape was 
taken w i t h the tape recorder t o the l a b o r a t o r y i n Durham 
f o r replay i n t o the Data Capture U n i t . The paper r o l l 
c o n t a i n i n g the p r i n t e d data values, a f t e r checking f o r 
any p r i n t i n g e r r o r s or missing values, was then taken t o 
the Computer Unit f o r punching on t o cards. 
The o v e r a l l performance of the system proved q u i t e 
adequate, as can be seen from the l i n e a r r e l a t i o n s h i p 
between the i n p u t voltage and the d i g i t a l v o l t m e t e r 
reading shown i n Fig. 4»15« The main problem t o a r i s e 
was an u n c e r t a i n t y i n the p r i n t e r t r i g g e r i n g d u r i n g replay 
FIG. 4.13 The recording equipment 
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of very high or very low voltage values. High values, 
producing d i g i t a l voltmeter readings close or equal t o 
the 2.000 mV f u l l scale reading, sometimes r e s u l t e d i n 
premature t r i g g e r i n g of the p r i n t e r , w i t h a f a l s e low 
value being p r i n t e d . Very low voltage values f a i l e d 
t o f i r e the voltage-to-frequency converter, r e s u l t i n g 
i n a blank s i g n a l f o r t h a t channel, and also o c c a s i o n a l l y 
produced u n c e r t a i n t i e s i n t r i g g e r i n g . Such points could 
be noticed on the p r i n t o u t , and any missing or i n c o r r e c t 
values corrected before the p r i n t e d r o l l was taken f o r 
punching on t o cards. 
A reference voltage was recorded on one channel t o 
detect any f l u c t u a t i o n i n the tape speed, d u r i n g e i t h e r 
r e c o r d i n g or playback, which would a f f e c t t h e frequency 
s i g n a l replayed from the tape recorder, and consequently 
the c a l i b r a t i o n of the system. I f a noticeable f l u c t u a t i o n 
had occurred (the g r e a t e s t observed was 5%)» the p r i n t e d 
voltage values were s u i t a b l y c o r r e c t e d by the computer 
du r i n g the a n a l y s i s of the data. 
I t was found convenient t o o p e n - c i r c u i t one channel 
of the u n i s e l e c t o r , causing every t w e l f t h channel recorded 
on the tape t o be blank. This enabled any p o i n t on the 
tape t o be l o c a t e d e a s i l y , say,for c o r r e c t i o n of the p r i n t o u t , 
by n o t i n g the l o c a t i o n of the preceding blank channel on 
the i n d i c a t o r on the tape recorder which metered the running 
of the tape. The "blanked" channel was chosen as one of 
the reference voltage channels, so t h a t no p r e c i p i t a t i o n 
c u r r e n t or p o t e n t i a l gradient values were l o s t . 
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Th e c a l i b r a t i o n of the system was checked at i n t e r v a l s 
by r e c o r d i n g and r e p l a y i n g a s e r i e s of i n p u t voltages 
covering the - 1 V t o - 11 V range* No noticeable d r i f t 
was detected during the 9 months the. system was i n use. 
4*9 Suggestions f o r f u t u r e use 
The Data Handling System proved as v e r s a t i l e as had 
been hoped, f u l f i l l i n g the requirements of both the author 
and h i s colleague, Mr. CD. Jones. I t s main a p p l i c a t i o n 
i n the f u t u r e w i l l most l i k e l y be f o r outdoor r e c o r d i n g , 
and so the use of i n t e g r a t e d c i r c u i t s would be advantageous 
f o r reducing the p h y s i c a l s i z e and the power requirements. 
Several designs of i n t e g r a t e d c i r c u i t which have r e c e n t l y 
become a v a i l a b l e can perform both the d.c. a m p l i c a t i o n 
of the measuring instrument outputs and the channel s e l e c t o r 
f u n c t i o n , which would enable the u n i s e l e c t o r t o be eliminatedo 
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CHAFTER 5 
S t a t i s t i c a l Analysis of the Data 
5•1 S t a t i s t i c a l theory 
I n t h i s chapter, the s t a t i s t i c a l methods used i n the 
analysis of the p r e c i p i t a t i o n data w i l l be described, and 
an o u t l i n e given of the series of computer programs w r i t t e n 
t o perform t h i s t a s k. Detailed explanations or proofs of 
the s t a t i s t i c a l p r i n c i p l e s involved w i l l not be given, as 
they are r e a d i l y a v a i l a b l e i n standard t e x t books such as 
BENDAT and PIERSOL (1966). 
I t has already been explained i n Chapter 2 how the 
r e l a t i o n s h i p between p o t e n t i a l g r a dient and p r e c i p i t a t i o n 
c u r r e n t during q u i e t p r e c i p i t a t i o n can be expressed i n terms 
of the c o r r e l a t i o n between the two records. The p r o p e r t i e s 
of c o r r e l a t i o n f u n c t i o n s and some of t h e i r uses, as r e l e v a n t 
t o the present work, w i l l now be described. 
5•1•1 The c o r r e l a t i o n f u n c t i o n 
C o r r e l a t i o n f u n c t i o n s can be used t o discover whether 
a f u n c t i o n a l r e l a t i o n s h i p e x i s t s between two v a r i a b l e s x 
and y, such t h a t y = f ( x ) . In the present a p p l i c a t i o n i n 
atmospheric e l e c t r i c i t y , the p o s s i b i l i t y of a l i n e a r r e l a t i o n -
ship between p o t e n t i a l gradient and p r e c i p i t a t i o n current, i s 
being i n v e s t i g a t e d . The l i n e a r c o r r e l a t i o n between the two 
va r i a b l e s x and y can be expressed i n terms of the c o r r e l a t i o n 
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c o e f f i c i e n t r given by 
N 
y ( X.- X ) ( y. - y ) (5.1) N o* .0* 
where the v a r i a b l e s x and y are expressed as a s e r i e s of 
( x N , y N ) , w i t h mean N observations (x, , y-, ) , (X2, y? ) 
values x, y, and standard d e v i a t i o n s o~ x, 
The value of r v a r i e s between + 1.0 f o r an absolute 
d i r e c t r e l a t i o n s h i p between the two v a r i a b l e s , and - 1.0 f o r 
an absolute inverse r e l a t i o n s h i p . A c o e f f i c i e n t r = 0 implies 
no r e l a t i o n s h i p . I n p r a c t i c e , e r r o r s i n the values of x^ and 
y^ due t o measurement or random e f f e c t s w i l l cause a d e v i a t i o n 
from any l i n e a r r e l a t i o n s h i p , and so c o e f f i c i e n t s of magnitude 
1.0 w i l l never be a t t a i n e d . S i m i l a r l y , two series ( x ^ , y^) 
which are not r e l a t e d may s t i l l give a non-zero c o r r e l a t i o n 
c o e f f i c i e n t , due t o random v a r i a t i o n s i n t h e i r measured values. 
5.1.2 C r o s s - c o r r e l a t i o n w i t h time laps 
Maximum c o r r e l a t i o n between two time s e r i e s may not 
nec e s s a r i l y occur f o r simultaneous values, as was assumed 
above; from the expected behaviour of the p o t e n t i a l g r a d i e n t 
and p r e c i p i t a t i o n c u r r e n t d u r i n g q u i e t p r e c i p i t a t i o n , maximum 
c o r r e l a t i o n may occur f o r one or other record l e a d i n g . 
The c o r r e l a t i o n c o e f f i c i e n t can also be expressed as a f u n c t i o n 
of a time l a g X between the s e r i e s : ; 
r 
2l (x. - x My. - y ) r ( D 1 
N 0" O" 
(5-2) 
where c = 0, - 1, - 2,#o...-L« The maximum lr.»g number 
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L i s of necessity less than N, the number of observations 
of x. and y. 
The expression 5«2 w i l l be used t o c a l c u l a t e the c o r r e l a -
t i o n c o e f f i c i e n t r ( D f o r each set of p o t e n t i a l gradient and prec-
i p i t a t i o n c u r r e n t values* A p l o t of r ( T ) against the time 
lag Y f o r e i t h e r record l a g g i n g w i l l enable the time l a g 
f o r maximum c o r r e l a t i o n t o be determined.: Such a. p l o t i s termed 
a "cross-correlogram"; a t y p i c a l example i s shown i n F i g . 5»1» 
5.1.3 Aut oc orr e 1 a t i on 
Just as two time series can be c r o s s - c o r r e l a t e d , a s i n g l e 
time s e r i e s can be c o r r e l a t e d w i t h i t s e l f t o determine the c o r r -
e l a t i o n of given values x^ w i t h previous ones x^_ ^ 
This i s known as. " a u t o c o r r e l a t i o n " , w i t h an a u t o c o r r e l a t i o n 
c o e f f i c i e n t a.( X ) given by 
M- r 
a(T) = I ^ ^ ( x r x ) { x i 4 F x ) ( 5 # 3 ) 
N <5K* i = t 
where again Y = 0, ± 1, ± 2, . . . . i L ( L < N) 
A p l o t of a( Y ) against time l a g Y i s termed an 
"autocorrelogram". I t s main use i s i n determining the degree 
of "persistence"" i n the s e r i e s , and i n d e t e c t i n g any p e r i o d i c 
v a r i a t i o n s . Thus, i f a s e r i e s x^ e x h i b i t s a high degree of 
persistence, the value of a( Y ) w i l l be l a r g e r f o r a p a r t i c -
u l a r value of Y than f o r a s e r i e s w i t h a small degree of 
persistence ( F i g . 5«2) This may mean t h a t subsequent values 
of Xj, are not completely independent of t h e i r predecessors, as 
i s reauired f o r many s t a t i s t i c a l r e s u l t s t o be v a l i d . The 
problem of d e c i d i n g i f the values x^ are independent i s discussed 
l a t e r (Sect. 5«1»6). 
FIG 5.1 A typical' cross-correlogram 
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Fig. 5.3 Autocorre lat ion of a sinusoidal series 
(a) ser ies x(t) = Xsin 2TTt 




( b ) autocorrelogram a (O = cos 2 r r t 
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5 . 1 * 4 C o r r e l a t i o n of peri o d i c s e r i e s 
The autocorrelograra i s u s e f u l i n d e t e c t i n g any p e r i o d i c 
behaviour of the series x^. I n the case of a. purely 
s i n u s o i d a l v a r i a t i o n 
x ( t ) = X s i n 2]Tt 
. T 
where T i s the period and X the amplitude, the a u t o c o r r e l o -
gram w i l l have the form 
a ( r ) = c o s 2tjX 
T 
( 5 . 4 ) 
This i s a cosine f u n c t i o n w i t h a period equal t o t h a t of the 
ser i e s x ( t ) ; p o s i t i v e c o r r e l a t i o n maxima w i l l occur at T = 0, 
T, 2 T o and negative maxima at V = T, VT, 5 T . • . ( F i g . 5 ° 3 ) ° 
2 2 2 
Random noise i n the observations x^ of a. p e r i o d i c s e r i e s w i l l 
reduce the amplitude of the p e r i o d i c i t y of a( ~C ), but i t 
w i l l o f t e n s t i l l be evident. 
The cross-correlogram of two s i n u s o i d a l s e r i e s w i l l also 
be a cosine f u n c t i o n , again w i t h maxima r e c u r r i n g w i t h the 
time period of the s e r i e s . -In the present work, the c o r r e l -
a t i o n of two s e r i e s separated by a time i n t e r v a l t ' i s more 
r e l e v a n t . The cross-correlogram between the s e r i e s -
x ( t ) = X s i n 2r r t 
T 
and 
y ( t ) = Y s i n 2 t t ( t • t ' ) 
T 
w i l l have the form 
r ( t ) - c o s 2 r r ( r <-t/) 
T ( 5 . 5 ) 
/ / ' 
which has maximum p o s i t i v e values at t , T + t , 2 T •>.• t .... 
and maximum negative values at T + t . 3 _ T + t , ' ^T + t ' . . . . . 
2 2 2 
( F i g . 5 . 4 ) . The maxima are again o c c u r r i n g at i n t e r v a l s of T, 
Fig. 5.4 Gross -correlation of two sinusoidal t ime 
series separated by a t ime lag ' ( . 






y ( t ) 2 t r f t * t ) ( b ) S e r i e s 
A 
o 4—» 2 T t 
( c ) C o r r e l a t i o n f u n c t i o n r ( t ) = c o s 2niX+%) 
T 
x L E A D S y + | w 0 y L E A D S x-
L. 
- 6 5 -
but are now s h i f t e d by the time l a g t/ of x ( t ) behind y ( t ) o 
5•1•5 The s t a t i s t i c a l s i g n i f i c a n c e of c o r r e l a t i o n maxima 
I t can be shown t h a t two time series which are not 
i n f i n i t e i n length can produce spurious values of c o r r e l a t i o n 
c o e f f i c i e n t , even i f they are completely unrelated- Random 
unrel a t e d s e r i e s , f o r instance, seldom give a zero cross-
c o r r e l a t i o n c o e f f i c i e n t . A given c o r r e l a t i o n c o e f f i c i e n t -
value must t h e r e f o r e be t e s t e d f o r s i g n i f i c a n c e , as i t may 
have ar i s e n purely by chance. 
The usual t e s t s of s i g n i f i c a n c e estimate the p r o b a b i l i t y 
of the c a l c u l a t e d c o r r e l a t i o n c o e f f i c i e n t a r i s i n g by chance 
out of random data. I f t h i s p r o b a b i l i t y i s less than 0 .05 , 
i . e . less than 5 times i n 100 estimates, the c o e f f i c i e n t i s 
u s u a l l y considered t o be s i g n i f i c a n t , the " s i g n i f i c a n c e l e v e l " 
being i n t h i s case 95^« Values which would a r i s e less than 
once i n 100 estimates are considered t o be h i g h l y s i g n i f i c a n t , 
the s i g n i f i c a n c e l e v e l then being 99fi> 
I f the random data of the time series are d i s t r i b u t e d 
normally, the c o r r e l a t i o n c o e f f i c i e n t values c a l c u l a t e d from 
a number of samples of the given s e r i e s w i l l be s i m i l a r l y 
d i s t r i b u t e d about the t r u e value. The p r o b a b i l i t y of a. 
c e r t a i n value of c o r r e l a t i o n c o e f f i c i e n t a r i s i n g by chance 
can then be estimated by a standard s t a t i s t i c a l procedure 
known as the "Student t - t e s t " . A value of the c o e f f i c i e n t 
t can be c a l c u l a t e d from the c o r r e l a t i o n c o e f f i c i e n t r by 
the r e l a t i o n s h i p : 
t = r v / N r - Y 
1 - r a 
- 6 6 -
where N i s the number of independent observations of the 
ser i e s <, The q u a n t i t y - 2 i s of t e n termed the "number of 
degrees of freedom." 
S t a t i s t i c a l t a b l e s are a v a i l a b l e which give values of 
t corresponding t o values of r which could a r i s e from 
un c o r r e l a t e d data; these values are given at variovis l e v e l s 
of s i g n i f i c a n c e . 
The number of independent observations, N j , depends on 
the persistence of the i n d i v i d u a l s e r i e s , and i s not necess-
a r i l y the same as.the number of observations N. The method 
of e s t i m a t i n g Nj i s o u t l i n e d i n the f o l l o w i n g s e c t i o n -
5• 1 • 6. The a u t o c o r r e l a t i o n i n t e r v a l 
The a u t o c o r r e l a t i o n f u n c t i o n described i n Section 5 - 1 - 3 
can be used t o estimate an " a u t o c o r r e l a t i o n i n t e r v a l " f o r ; 
a time s e r i e s ; observations of t h i s time series made at a 
time separation less than t h i s i n t e r v a l are not independent. 
AWE ( 1 9 6 4 ) has shown a n a l y t i c a l l y t h a t the a u t o c o r r e l a t i o n 
i n t e r v a l L 0 i s given by 
00 
L 0 - j a 2 ( n c T 
~° ° (5 .7 ) 
He also showed t h a t a good estimate can be obtained by 
e v a l u a t i n g a^( X ) over only the c e n t r a l maximum of the 
autocorrelogram. As an autocorrelogram i s symmetrical 
about the Y - 0 a x i s , the a u t o c o r r e l a t i o n i n t e r v a l can be 
evaluated f o r a time s e r i e s by: 
L= 1 
(5 .8 ) 
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where the f i r s t minumum of the autocorrelogram occurs at 
the Mth time l a g , and &t i s the sampling i n t e r v a l between 
successive values of the time seri.es. 
The t o t a l number of observations of the time s e r i e s , 
N i s then d i v i d e d by L 0 t o determine the e f f e c t i v e number 
of independent observations Nj, i . e . 
N i •= J± At 
L e (5.9) 
Usually Nj w i l l be less than N, and i s t h e r e f o r e used as 
the number of observations f o r t e s t s of s i g n i f i c a n c e • 
5.1o7 The nature of p h y s i c a l data 
Data representing p h y s i c a l phenomena can be g e n e r a l l y 
c l a s s i f i e d as being e i t h e r d e t e r m i n i s t i c or.random. 
D e t e r m i n i s t i c data can be described by an e x p l i c i t mathematic 
expression, and so an accurate p r e d i c t i o n of f u t u r e behaviour 
can be made. For random data no such e x p l i c i t expression can 
be. deduced, and so p r o b a b i l i t y f u n c t i o n s and s t a t i s t i c a l 
q u a n t i t i e s have t o be used t o describe t h e i r behaviour. 
Atmospheric e l e c t r i c a l processes w i l l g e n e r a l l y produce 
l a r g e l y random data, and so s t a t i s t i c a l methods of analysis 
are r e q u i r e d . 
Random data can i n t u r n be d i v i d e d i n t o two categories; 
s t a t i o n a r y and non-stationary . The s t a t i s t i c a l p r o p e r t i e s 
of non-stationary data, such as the mean or the variance, 
c o n t i n u a l l y vary w i t h time, so t h a t d i f f e r e n t samples of the 
data would give d i f f e r e n t s t a t i s t i c a l values. S t a t i o n a r y 
data show no such v a r i a t i o n . Fig 5«5 i l l u s t r a t e s the 
d i f f e r e n c e s between the two types of data. 
FIG. 5 . 5 Stationary and non-stat ionary processes 
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The s t a t i s t i c a l theory and r e s u l t s of the preceeding 
sections assume t h a t the data are s t a t i o n a r y . No theory 
has yet been developed f o r non-stationary data, and so a l l 
the data i n the present i n v e s t i g a t i o n have t o be t r e a t e d as 
s t a t i o n a r y . I t w i l l be evident, however, from the p r e c i p i t -
a t i o n records shown i n subsequent Chapters t h a t t h i s i s not 
s t r i c t l y t r u e i n these cases, p a r t i c u l a r l y i f only short 
records are being analysed. However, when the means and 
standard d e v i a t i o n s of a parameter do not vary s i g n i f i c a n t l y 
between s t a t i s t i c a l samples, i t i s said t o be "weakly s t a t i o n 
ary", and the above s t a t i s t i c a l theory can be considered t o 
be a p p l i c a b l e . 
Many of the records of p o t e n t i a l gradient and p r e c i p i t -
a t i o n i n the present work appear t o be weakly s t a t i o n a r y , 
p a r t i c u l a r l y i f l a s t i n g many hours. The main e f f e c t on the 
correlograms i f a record i s i n f a c t non-stationary w i l l be 
t o increase the values of c o r r e l a t i o n c o e f f i c i e n t , r a t h e r 
than a l t e r the general form of the correlogram. 
For s t a t i o n a r y or weakly-stationary data, a u s e f u l 
f e a t u r e of the. c r o s s - c o r r e l a t i o n c o e f f i c i e n t r i s t h a t i t 
i n d i c a t e s how much of the v a r i a b i l i t y of one parameter i s 
due t o the v a r i a b i l i t y of the other. This p r o p o r t i o n i s 
given by r , so t h a t a maximum c r o s s - c o r r e l a t i o n c o e f f i c i e n 
o f , f o r example, 0.S0, implies t h a t 0.6l+ of the v a r i a b i l i t y 
of the one parameter i s due t o the other. 
5.2 The computer programs 
C a l c u l a t i o n of the various s t a t i s t i c a l q u a n t i t i e s f o r 
each set of p r e c i p i t a t i o n data was c a r r i e d out on the I.B.M. 
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360/67 computer at Durham University» A se r i e s of 
programs was w r i t t e n which f i r s t converted the "raw" data 
values ( i . e . d i g i t a l v o l t m e t e r readings) t o p o t e n t i a l 
gradient and p r e c i p i t a t i o n c u r r e n t density values, then 
c a l c u l a t e d the auto and c r o s s - c o r r e l a t i o n s and other 
s t a t i s t i c a l q u a n t i t i e s , and f i n a l l y presented the r e s u l t s 
i n p r i n t e d and g r a p h i c a l form. 
The programs were w r i t t e n i n the computer language 
Fortran IV, and so, because of the s p e c i a l i s e d nature of 
t h i s language, w i l l not be presented i n d e t a i l . By using 
the system of computer operation known as the "Michigan 
Terminal System", or M.T.S., each program could be stored 
i n the computer i n a u n i t of storage space known as a " f i l e " . 
Each f i l e has an i d e n t i f y i n g name which enables the program 
(or data) stored i n i t t o be c a l l e d (or accessed) as r e q u i r e d . 
The program t o c a l c u l a t e the auto and cross c o r r e l a t i o n s , 
f o r instance, was stored i n the f i l e C0RPR0G; on each 
computer run, t h i s f i l e would be accessed and the program 
executed using the cu r r e n t set of data t o c a l c u l a t e the 
c o r r e l a t i o n s . 
5.2.1 A t y p i c a l computer run 
Figure 5*6 shows schematically the various stages of 
a t y p i c a l computer run. The raw data, c o n s i s t i n g of the 
d i g i t a l v o l t m e t e r values produced by the data handl i n g 
system, are converted t o p o t e n t i a l g r a d i e n t and p r e c i p i t a t i o n 
c u r r e n t d e n s i t y values by the program CALPROG; these values 
are then stored i n the f i l e RAINDATA. The opportunity t o 
F I G . 5 . 6 T h e c o m p u t i n g p r o c e d u r e 
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c o r r e c t f o r any non-uniformity i n the f i e l d m i l l c a l i b r a t i o n s 
(see Sect. 3*2.5) was taken at t h i s stage. 
The auto and cross c o r r e l a t i o n s are then c a l c u l a t e d by 
the program CORPROG, using the data stored i n RAINDATA as 
in p u t , and p l a c i n g the c a l c u l a t e d c o r r e l a t i o n values i n 
CORREDATA. The c o r r e l a t i o n values are also p r i n t e d out as 
re q u i r e d . 
A u s e f u l f e a t u r e of the Durham computer f a c i l i t i e s 
i s the a v a i l a b i l i t y of a se r i e s of standard programs, or 
"subroutines", which can be adapted t o the requirements of 
an i n d i v i d u a l user. The " S c i e n t i f i c Subroutines Package" 
(or S.S.P'. ) includes programs f o r c a l c u l a t i n g auto and 
cross c o r r e l a t i o n s and many other s t a t i s t i c a l q u a n t i t i e s , 
and was thus extensively used. 
The t h i r d stage of the computer run i s the p l o t t i n g of 
the correlograms by the computer graph p l o t t e r . This device 
enables any set (or sets) of data t o be au t o m a t i c a l l y p l o t t e d ; 
i t s use i n the present work i s described below. 
5.2.2 The pres e n t a t i o n of the computer output 
Altogether, three types of computer output proved u s e f u l : 
the standard p r i n t - o u t , p l o t t e d output, and punched output. 
The standard form of p r i n t - o u t monitors the progress of a 
p a r t i c u l a r computer run, or " j o b " , and the r e s u l t s of the 
various c a l c u l a t i o n s can also be l i s t e d . 
The p l o t t i n g f a c i l i t y was e x t e n s i v e l y used, w i t h two 
main a p p l i c a t i o n s . The f i r s t was p l o t t i n g the correlograms 
f o r each set of data, using the c a l c u l a t e d values of c o r r e l a t i o n 
c o e f f i c i e n t stored i n the CORKEDATA f i l e ( F i g . 5 . 6 ) . The other 
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a p p l i c a t i o n was i n presenting wind and temperature p r o f i l e s 
f o r periods of p r e c i p i t a t i o n , using data from the Daily 
Aerological Record published by the Meteorological O f f i c e . 
A program wa3 w r i t t e n t o c a l c u l a t e wind speed, d i r e c t i o n 
and temperature values from the coded data presented i n 
the A e r o l o g i c a l Record, and p l o t these against h e i g h t . 
Examples of these p l o t s and t h e i r a p p l i c a t i o n s are given 
i n subsequent Chapters. 
The contents of the RAINDATA f i l e were punched on t o 
cards on each occasion; i f needed, t h i s enabled the data t o 
be run at a l a t e r date more r e a d i l y , as conversion t o t r u e 
values of p o t e n t i a l gradient and p r e c i p i t a t i o n c u r r e n t densi 
i s not then r e q u i r e d . 
- 7 2 -
CHAPTER 6 
Examples of P r e c i p i t a t i o n Records 
6.1 I n t r o d u c t i o n 
Three periods of q u i e t p r e c i p i t a t i o n recorded dur i n g the 
present work w i l l now be presented i n d e t a i l t o i l l u s t r a t e the 
e l e c t r i c a l and meteorological behaviour t y p i c a l of such p r e c i p i -
t a t i o n . A period of d i s t u r b e d p r e c i p i t a t i o n w i l l also be exam-
ined b r i e f l y , by way of comparison. 
Except f o r the d i s t u r b e d p r e c i p i t a t i o n , when no s t a t i s t i c a l 
c a l c u l a t i o n s could be made as the recorded instrument values 
were o f t e n o f f - s c a l e or changing r a p i d l y , the e l e c t r i c a l and met 
e o r o l o g i c a l behaviour w i l l be presented i n the f o l l o w i n g order: 
(a) The synoptic meteorological s i t u a t i o n , using inform-
a t i o n from the Daily Weather Report of the Meteorolog-
i c a l O f f i c e . 
(b) The e l e c t r i c a l records of p o t e n t i a l gradient and prec-
i p i t a t i o n c u r r e n t d e n s i t y , as obtained at Durham. 
Observatory. 
(c ) The correlograms and other s t a t i s t i c a l q u a n t i t i e s , 
c a l c u l a t e d from the e l e c t r i c a l recordings. 
(d) The meteorological c o n d i t i o n s at Durham durin g the 
p r e c i p i t a t i o n , obtained from the Observatory records. 
(e) Appropriate A e r o l o g i c a l p r o f i l e s , i . e . temperature -
height and wind - h e i g h t , a t e i t h e r Shanwell, Hemsby 
or Aughton. the nearest meteorological s t a t i o n s t a k i n g 
upper - a i r measurements. These were c a l c u l a t e d and 
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p l o t t e d by computer from data i n the Da i l y A e r o l o g i c a l 
Record of the Meteorological O f f i c e . 
I n f o r m a t i o n on a l l the periods of q u i e t p r e c i p i t a t i o n 
d u r i n g which records were obtained i s presented i n Chapter 7» 
6.2 The records of the 17 and 18 January, 1972 
An occluded f r o n t running from the west of Scotland 
through t o south - west England produced periods of r a i n , s l e e t 
and snow from 08 20 on the 17th t o 0? 00 on the 13th. The 
f r o n t remained v i r t u a l l y s t a t i o n a r y throughout t h i s p e r i o d , and 
so provided a good example of the d i f f e r e n t c h a r a c t e r i s t i c s o f 
r a i n and snow i n otherwise s i m i l a r c o n d i t i o n s , as both o r i g i n a t e d 
from the same f r o n t a l system. 
6.2.1 The period of r a i n 
Rain s t a r t e d at Durham at 08 20 and continued throughout 
the morning u n t i l about 14 00, when s l e e t began t o f a l l . The 
synoptic s i t u a t i o n at 12 00 i s shown i n Fig. 6.1, together w i t h 
the approximate extent of the area of p r e c i p i t a t i o n . 
The c h a r t record of p o t e n t i a l gradient and p r e c i p i t a t i o n 
c u r r e n t d e n s i t y from 10 00 t o 15 30 i s reproduced i n Fi g . 6.2. 
The record d u r i n g steady r a i n shows the inverse r e l a t i o n and, 
t o a l e s s e r e x t e n t , the m i r r o r image e f f e c t , w i t h the p o t e n t i a l 
g radient apparently leading. A f t e r 14 00, s l e e t was f a l l i n g 
and the e l e c t r i c a l record becomes much more d i s t u r b e d , sometimes 
going o f f - scale and showing l a r g e r and more r a p i d v a r i a t i o n s . 
Only the p o r t i o n of record up to 14 00 i s thus considered t o be 
q u i e t . 
FIG. 6.1 Synoptic situation at 12Z on 17 January 1972 
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6.2.2 The s t a t i s t i c a l properties of the record 
The auto and cross-correlograms were calculated f o r the 
por t ion of record between 08 20 and 14 00. F ig . 6.3 shows 
the cross-correlogram between po t en t i a l gradient and p r e c i p i t -
a t ion current ; maximum, negative, co r r e l a t i on occurs fo r pot-
e n t i a l gradient leading by 6 minutes, the value of c o r r e l a t i o n 
c o e f f i c i e n t , - 0.67 f being very nearly s i g n i f i c a n t at the 99% 
l e v e l . I t should be noted that the cross-corre la t ion at zero 
lag i s very small , and so i f only simultaneous values of potent-
i a l gradient and p r e c i p i t a t i o n current had been considered, no 
s i g n i f i c a n t co r r e l a t i on would have been found. 
The negative c ross -cor re la t ion maximum, with the po t en t i a l 
gradient leading, agrees w i t h the s i t u a t i o n suggested by the 
chart record, of a mir ror - image e f f e c t w i t h po ten t i a l gradient 
leading. 
The autocorrelograms (F ig . 6.4) indicate tha t the p r e c i p i -
t a t i o n current has more persistence than the p o t e n t i a l gradient , 
as at a given time lag , the p r e c i p i t a t i o n current generally has 
a larger value of autocorre la t ion c o e f f i c i e n t than the p o t e n t i a l 
gradient . . 
Table 6.1 gives some other s t a t i s t i c a l quant i t ies calculated 
f o r t h i s record. The inverse r e l a t i o n is evident , the mean 
p o t e n t i a l gradient being negative, and the mean p r e c i p i t a t i o n 
current p o s i t i v e . 
6.2.3 The meteorological properties 
Table 6.1 also summarises the meteorological s i t u a t i o n 
at Durham during the period of r a i n . The mean rate of r a i n f a l l 
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FIG. 6.4 17 January 1972 
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and surface wind speed were somewhat above the usual values 
found during quiet p r e c i p i t a t i o n . 
Figs. 6.5 to 6.3 are aerological p r o f i l e s at 12Z (12 00 G.M.T) 
at Shanwell and at 11Z at Hemsby. The loca t ion of these s t a t -
ions , together w i t h a t h i r d , Aughton, i s shown i n Fig . 6 . 1 . 
Unfortunately Durham i s a considerable distance from any of these 
s ta t ions , at respect ively 200, 300 and 175 km, and so l o c a l 
condit ions at Durham may vary considerably from those at any of 
the s t a t ions . However, by choosing the s t a t i on at which the 
meteorological s i t u a t i o n i s closest to tha t at Durham a good 
ind ica t ion of the l o c a l aerological s i t u a t i o n should be a v a i l -
able, p a r t i c u l a r l y i n the extensive cloud systems producing 
quiet p r e c i p i t a t i o n . 
The temperature p r o f i l e at Shanwell c l e a r l y shows the 
f r o n t a l surface, between 1.0 and 1.2 km. a l t i t u d e . The melting 
l e v e l i s at 0.5 km. No wind data from Shanwell was avai lable 
and so the p r o f i l e s at Hemsby are also shown, although t h i s 
was outside the area of p r e c i p i t a t i o n . The f r o n t a l surface is 
again evident i n the temperature p r o f i l e , while the wind speed 
p r o f i l e shows a region of negative shear (speed decreasing 
wi th he igh t ) , between 0.9 and 1.2 km a l t i t u d e . Such a region 
proved to be a charac te r i s t i c feature of most p r o f i l e s during 
quiet p r e c i p i t a t i o n , whether or not a f r o n t a l surface was present. 
The wind d i r e c t i o n veers s l i g h t l y up to 1.9 km, but otherwise 
hardly var ies . 
6.2.4 The period of snow 
The s leet which had s tar ted at 14 00 gradually turned to 
snow, and a period of quiet snow fol lowed from 20 30 on the 17th 
FIG. 6,5 Shanwell 1flZ 17 January 1972 
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u n t i l 07 00 the next morning, apart from a short period from 
23 15 to 23 50 when conditions were dis turbed. The synoptic 
s i t u a t i o n at 00Z on the lS th (F ig . 6.9) showed l i t t l e change, 
w i t h the occluded f r o n t hardly moving. 
The e l e c t r i c a l record from 23 40 to 04 30 is shown i n 
F ig . 6.10. I n i t i a l l y conditions are dis turbed, but a f t e r 
23 50 quiet snow is f a l l i n g , with both the inverse r e l a t i o n and 
mirror-image e f f e c t being prominent. The signs of the po ten t i a l 
gradient and p r e c i p i t a t i o n current are largely opposite to those 
during quie t r a i n , the former being pos i t ive and the l a t t e r neg-
a t i v e . 
The prominence of the mirror-image e f f e c t i s confirmed by 
the cross-correlogram of F ig , 6 .11 , w i t h a maximum co r r e l a t i on 
c o e f f i c i e n t of -O.77, highly s i g n i f i c a n t at the 99*9% l e v e l , 
between po t en t i a l gradient and p r e c i p i t a t i o n current . In 
t h i s case, however, p r e c i p i t a t i o n current leads by about 1 min. 
The autocorrelograms (Fig . 6.12) again show the p r e c i p i t a t i o n 
current to have more persistence. 
The meteorological conditions at Durham (Table 6.1) show 
l i t t l e change f rom those during the r a i n e a r l i e r , the mean rate 
of r a i n f a l l being the same and the wind speed s l i g h t l y less . 
The aerological p r o f i l e s at Shsnwell are also s imi l a r to those 
e a r l i e r , wi th a prominent f r o n t a l zone i n the temperature p r o f i l e 
(F ig . 6 .13 ) t and a region of negative wind shear from 0.3 to 
1.8 km (F ig . 6 .14) . I t should be noted, however, that the s u r f -
ace wind speed at Shanwell (15-5 ms~^) is considerably greater 
than that at Durham (5 ms"""M. 
6.3 The record of the 2nd and 3rd May. 1972 
VJhile the records of the 17 and IS January were i n many 
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FIG. 6.13 Shanwell 23Z 17 January 1972. 
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ways t y p i c a l of the m a j o r i t y of periods of q u i e t p r e c i p i t a t i o n , 
a few instances showed d i f f e r e n t behaviour. Several periods 
of o u i e t r a i n were characterised by the very q u i e t c o n d i t i o n s 
and the long d u r a t i o n of the r a i n , as w e l l as by the e l e c t r i c a l 
behaviour: one of these periods i s now presented. 
6.3*1 The period of r a i n 
Quiet r a i n f e l l at Durham f o r no less than 20 hours, from 
18 00 on the 2nd May t o about 11+ 00 the f o l l o w i n g day. The 
synoptic s i t u a t i o n s at 00Z and 12Z of 3rd May are shown i n 
Fig. 6.16; a very slow moving region of p r e c i p i t a t i o n p e r s i s t e d 
over northern England, probably associated w i t h the weak occluded 
f r o n t which appears on the synoptic s i t u a t i o n at 12Z. Condi-
t i o n s were very q u i e t , w i t h winds being l i g h t and v a r i a b l e . 
The e l e c t r i c a l record i s reproduced i n Fig. 6.17 f o r the 
e n t i r e p e r i o d of p r e c i p i t a t i o n . An i n t e r e s t i n g f e a t u r e i s the 
d i f f e r e n t behaviour of the p o t e n t i a l g r a d i e n t and p r e c i p i t a t i o n 
c u r r e n t i n the e a r l i e r and l a t e r p a r ts of the record. I n i t i a l l y , 
u n t i l about 03 30, the two records appear t o f o l l o w each other 
c l o s e l y , w i t h the p o t e n t i a l gradient leading by about 15 minutes. 
There i s n e i t h e r an inverse r e l a t i o n nor mirror-image e f f e c t 
evident. Subseouently, the character of the record changes, 
< 
w i t h both e f f e c t s being evident at times, and w i t h the p r e c i p -
i t a t i o n c u r r e n t now appearing t o lead. 
6.3*2 S t a t i s t i c a l r e s u l t s 
The e l e c t r i c a l behaviour apparent from the c h a r t record i s 
confirmed by the cross-correlogram of F i g . 6.18. Two maxima 
are evident; one, s i g n i f i c a n t at the 95% l e v e l , f o r p r e c i p i t a t i o n 
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p o t e n t i a l gradient leading by about 20 minutes. The f i r s t 
maximum i s negative, i n d i c a t i n g a mirror-image e f f e c t w i t h the 
p r e c i p i t a t i o n c u r r e n t lea d i r i g by 22 minutes. The second i s 
p o s i t i v e , corresponding t o the e a r l i e r p a r t of the record, wher 
the p o t e n t i a l g r a d ient and p r e c i p i t a t i o n c u r r e n t f o l l o w each 
other c l o s e l y . 
The autocorrelograms (Fig. 6 . 1 9 ) i n d i c a t e considerable 
persistence i n both the p o t e n t i a l g r a d ient and p r e c i p i t a t i o n 
c u r r e n t , due t o t h e i r show v a r i a t i o n ; maxima on the chart 
record recur at i n t e r v a l s of about 90 minutes. There i s also 
a suggestion of a secondary, f a s t e r , p e r i o d i c i t y of about 35 
minutes i n the p r e c i p i t a t i o n c u r r e n t , 
6 . 3 * 3 Meteorological s i t u a t i o n 
The quietness of the e l e c t r i c a l behaviour i s r e f l e c t e d i n 
the meteorological c o n d i t i o n s . The mean wind speed at Durham 
(Table 6 . 1 ) i s p a r t i c u l a r l y low. The a e r o l o g i c a l p r o f i l e s a t 
Shanwell, at 23Z on the 2nd May also show p a r t i c u l a r l y low wind 
speeds ( F i g . 6 . 2 1 ) of less than 5 ms"*^  at as high as 3 km 
a l t i t u d e . Also n o t i c e a b l e i s the absence of any region of 
negative wind shear. The wind d i r e c t i o n p r o f i l e o f Fi g . 6 . 2 2 
does however show a considerable change i n wind d i r e c t i o n b et-
ween 1 and 2 km; t h i s may w e l l be erroneous, as no s i m i l a r 
s h i f t occurs i n the p r o f i l e at 11Z on 3 r d May , when co n d i t i o n s 
otherwise are very s i m i l a r . 
6.4 A period of d i s t u r b e d p r e c i p i t a t i o n : 26 January. 1 9 7 2 . 
By way of comparison, a period of d i s t u r b e d p r e c i p i t a t i o n 
w i l l now be b r i e f l y examined. One such period occurred d u r i n g 
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the l a t e afternoon and evening of the 26 January 1972, 
producing heavy continuous r a i n at Durham from about 13 30 
t o 22 10 , except f o r the period from 17 45 t o 19 15> when the 
r a i n was somewhat l i g h t e r . The synoptic s i t u a t i o n i s shown 
i n Fig. 6 . 2 3 ; a fast-moving f r o n t a l system associated w i t h 
a depression moving eastwards across northern England. 
6.4*1 The e l e c t r i c a l behaviour 
A p o r t i o n of the p r e c i p i t a t i o n c u r r e n t record i s shown 
i n Fig. 6.24* The record shows much more r a p i d and frequent 
changes i n p r e c i p i t a t i o n c u r r e n t than during q u i e t p r e c i p i t -
a t i o n ; note t h a t the p r e c i p i t a t i o n c u r r e n t density values are 
also much g r e a t e r . No r e l i a b l e p o t e n t i a l gradient record i s 
a v a i l a b l e on t h i s occasion, as f o r much of the time the record 
was o f f - s c a l e , or changing too q u i c k l y t o be d i s t i n g u i s h e d . 
An idea of the behaviour during d i s t u r b e d p r e c i p i t a t i o n can be 
obtained from Fig. 6 . 2 5 , where the e l e c t r i c a l r e c o r d d u r i n g a 
less v i o l e n t period of di s t u r b e d p r e c i p i t a t i o n on 3 Februrary 
1972 i s reproduced. On t h i s occasion a mirror-image e f f e c t 
i s also n o t i c e a b l e , i n d i c a t i n g t h a t i t i s not l i m i t e d t o 
co n d i t i o n s of q u i e t p r e c i p i t a t i o n . 
6 . 4 * 2 The meteorological s i t u a t i o n 
The meteorological c o n d i t i o n s at Durham are shown i n 
Table 6 . 1 ; the r a t e of r a i n f a l l was much higher, at 2 .3 mm hr" 
than usual i n q u i e t p r e c i p i t a t i o n , as was the mean surface 
wind speed, at 10 ms"^. Ae r o l o g i c a l p r o f i l e s at Shanwell 
at 11Z (Figs. 6 . 2 6 to 6.28) show a s i m i l a r s i t u a t i o n , w i t h 
considerable wind shear near the rround, and v/ind speeds of 
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Results of the Quiet P r e c i p i t a t i o n Measurements 
7*1 I n t r o d u c t i o n 
The r e s u l t s of the q u i e t p r e c i p i t a t i o n measurements at 
Durham durin g the period January t o June 1972 are now presented, 
together w i t h the associated meteorological c o n d i t i o n s f o r each 
occasion. The data handling system recorded nearly a l l i n s t a n -
ces of q u i e t p r e c i p i t a t i o n d u r i n g t h i s p e r i o d , and so the r e s u l t s 
'can be taken as c h a r a c t e r i s t i c of q u i e t p r e c i p i t a t i o n i n general 
during these s i x months. A few chart records of q u i e t p r e c i p -
i t a t i o n had been obtained d u r i n g the previous s p r i n g and summer, 
but w i t h one or two exceptions were not s u i t a b l e f o r a n a l y s i s . 
The r e s u l t s of the p r e c i p i t a t i o n measurements w i l l conseouently 
be confined i n t h i s Chapter t o the periods recorded dur i n g 1972, 
although some e a r l i e r records w i l l be considered l a t e r . 
7*2 The e l e c t r i c a l p r o p e r t i e s of the o u i e t p r e c i p i t a t i o n 
records. 
Table 7.1 l i s t s the e l e c t r i c a l c h a r a c t e r i s t i c s of a l l the 
periods of q u i e t p r e c i p i t a t i o n recorded between January and June, 
1972. The mean values and standard d e v i a t i o n s of the p o t e n t i a l 
gradient and p r e c i p i t a t i o n c u r r e n t density are given, together 
w i t h the percentage of p o s i t i v e values of these parameters duri n g 
the record. The values are those recorded every 30 seconds by 
the data handling system. Altogether 35 periods of q u i e t p r e c i -
p i t a t i o n , amounting t o 195 hours, were recorded; t h i s represented 
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records being unavailable on the other occasions due t o instrum-
e n t a l f a i l u r e , or f a u l t y r e c o r d i n g . 
I t should be noted t h a t periods of l i g h t or i n t e r m i t t e n t 
d r i z z l e and very l i g h t r a i n were excluded due t o the very small 
p r e c i p i t a t i o n c u r r e n t s and consequently the u n c e r t a i n behaviour 
of the c o l l e c t o r i n such c o n d i t i o n s . 
7 .2.1 Quiet r a i n 
Apart from two instances of snow and two of s l e e t , a l l the 
recordings were made du r i n g r a i n . The mean p o t e n t i a l gradient 
on most occasions of r a i n was negative, and the mean p r e c i p i t a -
t i o n c u r r e n t was p o s i t i v e . The "inverse r e l a t i o n " thus applied 
o v e r a l l i n these cases. The same conclusions can be made i f 
the percentage of p o s i t i v e values of these two parameters i s exam-
ined; 22 of the 29 periods of r a i n had mostly negative values of 
p o t e n t i a l gradient and at the same time mostly p o s i t i v e p r e c i p i t -
a t i o n c u r r e n t . 
Taking the records when t h i s s i t u a t i o n a p p l i e d , the over-
a l l mean p o t e n t i a l g r a d i e n t was -A90 Vm"^ ", and the o v e r a l l mean 
_2 
p r e c i p i t a t i o n c u r r e n t d e n s i t y + J+.6 pAm . 
There were, however, a number of instances when o v e r a l l the 
inverse r e l a t i o n d i d not apply, or the usual signs of the e l e c t r -
i c a l q u a n t i t i e s were not found. Record 6/16 of the 26 June, f o r 
instance, shows the inverse r e l a t i o n , but w i t h a mean p o s i t i v e 
p o t e n t i a l gradient and mean negative p r e c i p i t a t i o n c u r r e n t . The 
long record 5/l of the 2 and 3 May, already r e f e r r e d t o i n 
Chapter 6, has mean p o t e n t i a l gradient and mean p r e c i p i t a t i o n 
c u r r e n t both negative; a s i m i l a r instance i s record 2/3 of the 
6 and 7 February. There was, incidentally, no instance of the 
mean p o t e n t i a l g r a d i e n t and p r e c i p i t a t i o n c u r r e n t both being 
pos i t i v e . 
7.2.2 Quiet snow and s l e e t 
The two periods of q u i e t snow (records l / 7 and 2 / l ) both 
showed an inverse r e l a t i o n , but w i t h a negative p r e c i p i t a t i o n 
c u r r e n t and a p o s i t i v e p o t e n t i a l g r a d i e n t . Their magnitudes 
were s i m i l a r t o those during r a i n , although i t should be rememb-
ered t h a t the c o l l e c t o r i s l i k e l y t o be less e f f i c i e n t at c o l l e c t -
i n g snow than r a i n , p a r t i c u l a r l y a t wind speeds i n excess of a 
few metres per second. 
The two periods of s l e e t , records l / l and 2/5, d i f f e r e d i n 
behaviour, w i t h negative p o t e n t i a l g r a d i e n t i n both cases but 
an o v e r a l l inverse r e l a t i o n only i n the l a t t e r case. A l l other 
periods of s l e e t between January and A p r i l produced d i s t u r b e d 
p r e c i p i t a t i o n . 
7.3 The p o t e n t i a l g r a d ient and p r e c i p i t a t i o n c u r r e n t c o r r e l -
ograms 
Auto and cross-correlograms were c a l c u l a t e d f o r 21 of the 
periods of q u i e t p r e c i p i t a t i o n , the data on other 1 occasions being 
unsuitable or u n a v a i l a b l e . A l l the cross-correlograms between 
p o t e n t i a l g r a d i e n t and p r e c i p i t a t i o n c u r r e n t showed a maximum, 
w i t h one or other record leading. Cross-correlograms between 
the ground and mast p o t e n t i a l gradient records were also c a l c u l -
ated on a number of occasions, and showed a very high c o r r e l a t i o n 
f o r simultaneous readings, hence i n d i c a t i n g t h a t there was no 
s i g n i f i c a n t d i f f e r e n c e between the two records. Consequently 
only the ground p o t e n t i a l gradient w i l l be considered when analys-
-84-
i n g the p r e c i p i t a t i o n records. 
Table 7.2 l i s t s the important features of the q u i e t 
p r e c i p i t a t i o n correlograms. The a u t o c o r r e l a t i o n i n t e r v a l s , 
as w e l l as i n d i c a t i n g the degree of persistence i n a re c o r d , 
were used i n e v a l u a t i n g the s i g n i f i c a n c e of the c r o s s - c o r r e l a t i o n 
maxima, as was explained i n Chapter 5* 
7.3*1 Quiet r a i n cross-correlograms 
Nearly a l l records showed a. maximum of negative cross-
c o r r e l a t i o n , u s u a l l y w i t h the p o t e n t i a l gradient leading the 
p r e c i p i t a t i o n c u r r e n t . The "mirror-image" e f f e c t was thus 
present i n nearly a l l records. Most of the c r o s s - c o r r e l a t i o n 
maxima are s t a t i s t i c a l l y s i g n i f i c a n t , some a t the 99«9/<> l e v e l , 
i n d i c a t i n g a high degree of s i g n i f i c a n c e . The time lags are 
mostly of a few minutes, ranging from 0.5 t o 7*5 minutes f o r the 
p o t e n t i a l g r a d i e n t l e a d i n g . One exception i s record 6/5 > where 
there i s a much longer time l a g of 61 minutes. The c o r r e l a t i o n 
i s not s i g n i f i c a n t i n t h i s case, however, and so the maximum 
may w e l l have no p h y s i c a l s i g n i f i c a n c e ; moreover p o i n t discharge 
may have occurred d u r i n g p a r t of the record. 
A number of records, however, show d i f f e r e n t behaviour. 
Three t4/5, 5 / l and 6 / l 6 ) s t i l l have a maximum of negative c o r r -
e l a t i o n , and hence show the mirror-image e f f e c t , but w i t h the 
p r e c i p i t a t i o n c u r r e n t l e a d i n g , by as much as 22 minutes. The 
f i r s t two cases show s i g n i f i c a n t c r o s s - c o r r e l a t i o n , and i t i s 
l i k e l y t h a t the t h i r d case i s also p h y s i c a l l y meaningful, as i t 
i s s i g n i f i c a n t a t the 90$ l e v e l . 
Two records, 4/2 and 5/2, have a maximum of p o s i t i v e c o r r e l -
a t i o n , w i t h the p r e c i p i t a t i o n c u r r e n t leading by 11 and 29 minutes 
o 
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r e s p e c t i v e l y . The l a t t e r record also has a secondary maximum 
of negative c o r r e l a t i o n f o r p o t e n t i a l g r a d i e n t leading by 1.5 
minutes, but although t h i s i s not s t a t i s t i c a l l y s i g n i f i c a n t , 
the chart record (see Chapter 6) does suggest t h a t t h i s may be 
a r e a l f e a t u r e f o r p a r t of t h i s period of r a i n . 
I t i s i n t e r e s t i n g t o note t h a t two of the periods of r a i n , 
5 / l and 6/l6, which d i d not show the most common c o r r e l a t i o n 
behaviour, also d i d not have the usual e l e c t r i c a l p r o p e r t i e s ; 
i n the former case t h e r e was no o v e r a l l inverse r e l a t i o n , and 
i n the l a t t e r case the signs of t h e 1 p o t e n t i a l gradient and 
p r e c i p i t a t i o n c u r r e n t were opposite t o those u s u a l l y found 
d u r i n g r a i n . Also, the three cases of a maximum of p o s i t i v e 
c o r r e l a t i o n a l l occunsd f o r the p r e c i p i t a t i o n c u r r e n t l e a d i n g . 
7•3•2 Quiet snow and s l e e t c r o s s - c o r r e l a t i o n s 
The two periods of snow, 1/7 and 2 / l , both show a strong 
negative c r o s s - c o r r e l a t i o n , the p r e c i p i t a t i o n c u r r e n t leading 
by 1.0 minutes i n both cases. This imp l i e s a s t r o n g m i r r o r -
image e f f e c t , and t h i s indeed was seen i n the char t record 1/7 
reproduced i n Chapter 6. The d i r e c t i o n of the time l a g i s , of 
course, opposite t o t h a t u s u a l l y found d u r i n g q u i e t r a i n , when 
the p o t e n t i a l g r a d i e n t usually leads. I t should be noted t h a t 
the c o r r e l a t i o n f o r record 2 / l was c a l c u l a t e d f o r only p a r t of 
the period of snow, when the data were almost c e r t a i n l y non-
s t a t i o n a r y , and so the c r o s s - c o r r e l a t i o n c o e f f i c i e n t i s probably 
enhanced i n value. 
The bohaviour of th© periods of s l e e t , l / l and 2/5, again 
d i f f e r e d . The former record behaved s i m i l a r l y t o snow, w i t h 
the p r e c i p i t a t i o n c u r r e n t l e a d i n g by 5*5 minutes; there was no 
o v e r a l l inverse r e l a t i o n i n t h i s case. The second p e r i o d , when 
-86-
t h e r e was an inverse r e l a t i o n , behaved s i m i l a r l y t o r a i n , w i t h 
a maximum of negative c o r r e l a t i o n f o r p o t e n t i a l g r a d i e n t l e a d i n g . 
There was, however, a. second ?more significant^maximum of p o s i t i v e 
c o r r e l a t i o n f o r p r e c i p i t a t i o n c u r r e n t l e a d i n g by 19 minutes. 
7.3o3 The autocorrelograms 
The autocorrelograms show both the p o t e n t i a l gradient and 
p r e c i p i t a t i o n c u r r e n t to have considerable persistence, w i t h 
a u t o c o r r e l a t i o n i n v e r v a l s ranging from 4 "to as much as 65 minutes. 
P a r t i c u l a r l y noticeable i s the s i m i l a r i t y between the values f o r 
the two e l e c t r i c a l q u a n t i t i e s although o c c a s i o n a l l y , as f o r records 
3/5 and 6/l6, the persistence of the p r e c i p i t a t i o n c u r r e n t appears 
to be approximately double t h a t of the p o t e n t i a l g r a d i e n t . 
Generally, the p r e c i p i t a t i o n c u r r e n t shows s l i g h t l y g r eater pers-
istence than the p o t e n t i a l g r a d i e n t d u r i n g a given record. 
7*4 The meteorological c o n d i t i o n s during o u i e t p r e c i p i t a t i o n 
Table 7*3 summarises the meteorological c o n d i t i o n s at Durham 
dur i n g each pe r i o d of q u i e t p r e c i p i t a t i o n , and also gives the 
general synoptic s i t u a t i o n at the time. The meteorological 
readings were those from Durham Observatory, a d j o i n i n g the s i t e 
where the e l e c t r i c a l measurements were made. 
The mean rates of r a i n f a l l r a r e l y exceeded 1.0 mm hr"^", 
w i t h 1.2 mm hr~^" being the g r e a t e s t r a t e . By comparison, periods 
of d i s t u r b e d p r e c i p i t a t i o n r a r e l y produced rates of r a i n f a l l less 
than 1.0 mm hr""\ and o f t e n 2.0 mm hr""^ or higher. A heavy 
shower can produce r a i n at a r a t e of 5 mm hr"^- o r m o r e . Some 
of the values of r a i n f a l l r a t e given f o r q u i e t p r e c i p i t a t i o n may 
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i n g a period of q u i e t p r e c i p i t a t i o n could not be e a s i l y d i s t i n g -
uished on the r a i n f a l l record: the minimum r a i n f a l l detectable 
was 0 . 0 4 i n . (very nearly 1 mm.). 
Mean wind speeds were q u i t e low, usually i n the range 3 t o 
5 ras \ the highest being 9»5 ms"1 d u r i n g the period of 3 l e e t on 
"15 February. The mean wind speed d u r i n g the 9 June record was 
as low as 0 , 5 ms _ 1. 
The periods of q u i e t p r e c i p i t a t i o n mostly o r i g i n a t e d i n 
f r o n t a l systems, t y p i c a l l y from an occluded f r o n t c r o s s i n g the 
B r i t i s h I s l e s from a .westerly d i r e c t i o n . The c l a s s i c f r o n t a l 
system as presented i n Chapter 2,with separate warm and cold 
f r o n t s , was not common d u r i n g the six-month p e r i o d ; when i t d i d 
occur, the p r e c i p i t a t i o n was nearly always d i s t u r b e d . On a 
few occasions no large scale synoptic feature such as a f r o n t 
was evident, and so p r e c i p i t a t i o n was probably due t o weak troughs 
of low pressure, or t o convergence causing the la r g e - s c a l e 
ascent of moist a i r needed to produce the p r e c i p i t a t i o n . 
7 . 5 The charge on q u i e t p r e c i p i t s t i o n 
For a period of p r e c i p i t a t i o n producing a t o t a l r a i n f a l l 
(depth) H, and a mean p r e c i p i t a t i o n c u r r e n t density I , the mean 
charge per u n i t volume Q i s IT/H, where T i s the d u r a t i o n of the 
— 2 
p r e c i p i t a t i o n p e r i o d . Expressing I i n pAm , H i n mm and T i n 
h r , and t a k i n g the dens i t y of rai n w a t e r as 1 gm cm~^, Q i s then 
given by 
Q 3 . 6 IT ( 7 . 1 ) 
and represents e i t h e r the charge per u n i t volume (pC cm •>) or 
the charge-per u n i t mass (pC gm-''"). An a l t e r n a t i v e form i s : 
Q = 3 . 6 I 
R 
where R i s the mean r a t e of r a i n f a l l (mm h r " * 1 ) * 
-88-
Table 7presents the values of Q f o r most of the recorded 
periods of p r e c i p i t a t i o n , and also the t o t a l charge per u n i t area 
brought down by the p r e c i p i t a t i o n on each occasion. The periods 
of r a i n w i t h the usual p o s i t i v e p r e c i p i t a t i o n -current and negative 
p o t e n t i a l gradient produced an o v e r a l l mean charge per u n i t mass 
of 32 pC gm"1. 
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Analysis of the Quiet P r e c i p i t a t i o n Results 
8 . 1 The r e l a t i o n s h i p between_potential %iy>Aient and 
p r e c i p i t a t i o n c u r r e n t 
The q u i e t p r e c i p i t a t i o n measurements bet\«reen January 
and June 1972 showed t h a t the inverse r e l a t i o n and m i r r o r -
image e f f e c t were u s u a l l y present. These f i n d i n g s w i l l 
now be compared w i t h those of previous i n v e s t i g a t i o n s , and 
the possible o r i g i n s of the two e f f e c t s discussed. 
8 . 1 . 1 Previous work : the inverse r e l a t i o n 
The behaviour of q u i e t r a i n and snow found i n the 
present work l a r g e l y agrees w i t h t h a t found by previous 
workers. CHALMERS (1956)-concluded from measurements 
durin g 38 periods of q u i e t r a i n t h a t the p r e c i p i t a t i o n 
c u r r e n t was most o f t e n p o s i t i v e , w i t h an average density of 
-2 
+ 3 *8 pAm , and the p o t e n t i a l g r a d i e n t negative, w i t h an 
average of - 176 Vm"1. I n the present work, those periods 
of r a i n when the usual inverse r e l a t i o n applied had o v e r a l l 
averages f o r the two e l e c t r i c a l q u a n t i t i e s of r e s p e c t i v e l y 
-2 - 1 
+ 4 . 6 pAm and - 490 Vrn 
RAMSAY end CHALMERS ( 1 9 6 0 ) quote mean values from 
3 1 periods of r a i n , but c l a s s i f i e d by p r e c i p i t a t i o n r a t e . 
Their Values are from one - minute averages however, whereas 
-90-
those quoted above from Chalmers are f o r hi minute averages. 
Table 8.1 l i s t s Ramsay and Chalmers mean values f o r rates 
of r a i n f a l l up t o 1.50mm h r - 1 ; t h e i r o v e r a l l mean values 
_2 
are + 3»2J pAm f o r p r e c i p i t a t i o n c u r r e n t d e n s i t y and 
- 93 Vm""'' f o r p o t e n t i a l g r a d i e n t * 
The mean p o t e n t i a l gradient found i n the present work 
i s thus greater than both the values quoted above. This 
may w e l l be due t o the s l i g h t l y d i f f e r e n t d e f i n i t i o n of 
qui e t p r e c i p i t a t i o n , w i t h a l i m i t of - 1500 Vm""1 taken f o r 
the p o t e n t i a l gradient,whereas Chalmers, f o r i n s t a n c e , . l i m i t s 
h i s measurements t o the - 800 Vm""1 range. Also the e l e c t r i c a l 
q u a n t i t i e s were u s u a l l y averaged over the e n t i r e p e riod of 
p r e c i p i t a t i o n . 
Although only two periods of snow were recorded d u r i n g 
the period January t o June 1 9 7 2 , both showed the same 
e l e c t r i c a l f e a t u r e ; of a st r o n g inverse r e l a t i o n , w i t h 
negative snow f a l l i n g i n a p o s i t i v e p o t e n t i a l g r a d i e n t . 
CHALMERS ( I 9 5 6 ) , using the same method as f o r rain,concluded 
t h a t d u r i n g q u i e t snow, the p r e c i p i t a t i o n c u r r e n t was usu a l l y 
_2 
negative, w i t h a. mean de n s i t y of - 3 * 5 pAm f o r 25 separate 
periods of snow. This value compares w i t h mean values of 
- 3«5 and - 0 . 8 pAm f o r the two periods i n t h e present 
work. Chalmers,however, found the mean p o t e n t i a l g r a d i e n t 
t o be also negative, w i t h a value of - 57 Vm""'1'. Other 
workers such as REITER ( 1 9 6 5 ) 1 however, have more o f t e n 
found the p o t e n t i a l g r a d i e n t t o be p o s i t i v e . MAG0N0 and 
0RIKASA ( 1 9 6 6 ) found the charge of i n d i v i d u a l snowflakes 
TABLE 8 .1 . The quiet precipitation measurements 
of Ramsay and Chalmers (1960) 
( R e a d i n g s d u r i n g W i n t e r 1957 /8 ) 
RAINFALL 
RATE 
( m m hr ) 









( p A m " 2 ) 
< 0-18 962 ~ 8 9 4 0 - 3 4 
0 - 1 8 - 0 - 6 0 219 - 83 + 5-33 
0 - 6 0 - 1 - 2 0 267 - 1 1 6 H- 8 -48 
1 -20-1 -30 . 147 - 9 5 -t- 9-88 
TABLE 8,2 . Distribution of the m i r ro r - image effect 
( f rom Ramsay and Chalmers 5 1960) 
Mo.of quiet p rec ip i t a t i on per iods showing s t a t e d t i m e lag : 
RAIN SNOW SLEET 
"'WET 
SNOW" TOTAL 
No t i m e de lay 6 1 1 1 9 -
Pp t . cu r ren t leads 3 3 1 0 7 
Pot. g rad ien t leads 5 0 0 0 5 
To ta l 14 4 2 1 21 
- 9 1 -
i n l i g h t , q u i e t snow t o be usu a l l y negative w i t h the 
p o t e n t i a l g r a d i e n t p o s i t i v e , as had been concluded e a r l i e r 
by MAGOMO and KIKUCHI ( 1 9 6 3 ; . I t would appear then t h a t 
the two periods of snow i n the present work are t y p i c a l 
of q u i e t snow. 
$ . 1 . 2 Previous work ; the mirror-image e f f e c t 
RAMSAY and CHALMERS ( 1 9 6 0 ) were probably the f i r s t 
t o make any systematic i n v e s t i g a t i o n of the mirror-image 
e f f e c t and the time delays between corresponding features 
of the p o t e n t i a l g r a d i e n t and p r e c i p i t a t i o n c u r r e n t v a r i a t i o n s . 
One of the problems i n dealing w i t h t h i s e f f e c t i s the d i f f e r -
ent c o n d i t i o n s under which records have been taken, and the 
d i f f e r e n t methods of determining whether the e f f e c t i s present. 
SIMPSON ( 1 9 4 9 ) , who f i r s t drew a t t e n t i o n t o the e f f e c t , mainly 
considered e l e c t r i c a l records where the p o t e n t i a l g r a d i e n t 
was high enough t o produce p o i n t discharge, and. so the 
p r e c i p i t a t i o n was not q u i e t . As can be seen from a record 
of " d i s t u r b e d " p r e c i p i t a t i o n reproduced i n Chapter 6 , a 
mirror-image e f f e c t can indeed be present i n such c o n d i t i o n s . 
RAMSAY and CHALMERS ( 1 9 6 0 ) i n v e s t i g a t e d 2 1 occasions 
when the mirror-image e f f e c t was detected i n q u i e t p r e c i p i t -
a t i o n . They considered the e f f e c t t o be present i f the 
p r e c i p i t a t i o n c u r r e n t and p o t e n t i a l g r a d i e n t had maxima i n 
opposite d i r e c t i o n s a t or close t o the same time, and 
determined any time lags by p l o t t i n g the p r e c i p i t a t i o n 
c u r r e n t values against the simultaneous values of p o t e n t i a l 
g r a d i e n t . A time l a g r e s u l t s i n successive p o i n t s f o l l o w -
1 
- 9 2 -
i n g roughly an e l l i p s e , the d i r e c t i o n of r o t a t i o n i n d i c a t -
i n g which e l e c t r i c a l q u a n t i t y i s le a d i n g . 
Their d i s t r i b u t i o n of time lags i s given i n Table 8.2, 
where i t appears t h a t the' p o t e n t i a l g r a d i e n t most commonly 
leads dur i n g r a i n , and the p r e c i p i t a t i o n c u r r e n t d u r i n g snow, 
although other s i t u a t i o n s did occur. This l a r g e l y agrees 
w i t h the observations of the present work, except t h a t no 
case of zero time l a g was found. This may w e l l be due t o 
Ramsay and Chalmers' method being unable t o d i s t i n g u i s h time 
lags which were sm a l l , or possibly v a r y i n g d u r i n g the period 
of p r e c i p i t a t i o n . 
The use of the c r o s s - c o r r e l a t i o n c o e f f i c i e n t t o detect 
the mirror-image e f f e c t and associated time lags was f i r s t 
suggested by O ' .VOLABI and C H A U j E R S ( 1 9 6 5 ) , who found maximum 
c o r r e l a t i o n d u r i n g a shower of s l e e t and snow f o r the 
p o t e n t i a l g r a d i e n t l e a d i n g by l±0 seconds. They used a 
gr a p h i c a l method, however, t o determine t h i s l a g . The 
c o r r e l a t i o n approach has been used e x t e n s i v e l y i n more . 
recent studies by AS P I N A L L (1970) and STRINGFELLOW (19'69), 
who used a computer t o c a l c u l a t e the c o r r e l a t i o n c o e f f i c i e n t s 
d i r e c t l y from the p o t e n t i a l g r a d ient and p r e c i p i t a t i o n c u r r e n t 
values. Their r e s u l t s also suggest t h a t the p o t e n t i a l 
g r a d i e n t g e n e r a l l y leads d u r i n g r a i n and the p r e c i p i t a t i o n 
c u r r e n t d u r i n g snow. 
Later i n t h i s chapter, the possible o r i g i n s of the 
inverse r e l a t i o n and mirror-image e f f e c t w i l l be considered. 
Those occasions when d i f f e r e n t e l e c t r i c a l behaviour of 
qu i e t p r e c i p i t a t i o n has been observed w i l l be discussed i n 
-93-
Chapter 9» Before this,however, some r e l a t i o n s h i p s found 
between the e l e c t r i c a l and meteorological c o n d i t i o n s must 
be mentioned. 
8.2 The v a r i a t i o n of e l e c t r i c a l and meteorological 
a c t i v i t y 
8.2.1 Rate of r a i n f a l l 
A connection between the p o t e n t i a l gradient F, 
p r e c i p i t a t i o n c u r r e n t density I and r a t e of r a i n f a l l R 
was f i r s t suggested by SIMPSON (1949), who found t h a t the 
r e l a t i o n s h i p between these Q u a n t i t i e s could be expressed as 
I = - 0.0133 R(F - 400) 
2 - 1 1 where I i s i n pAm~~, R i n mm hr and F i n Vm . 
The r e s u l t s of Ramsay and Chalmers have already been quoted; 
they suggested t h a t the average values of p r e c i p i t a t i o n 
c u r r e n t increased w i t h the r a t e of r a i n f a l l at the time, 
although the p o t e n t i a l gradient showed no such r e l a t i o n s h i p . 
STRINGFELLO',7 (1969) has found a s i g n i f i c a n t c o r r e l a t i o n on 
c e r t a i n occasions between the p r e c i p i t a t i o n c u r r e n t and the 
ra t e of r a i n f a l l . 
F ig. 8.1 shows the values of mean p o t e n t i a l g r a d i e n t F 
and mean p r e c i p i t a t i o n c u r r e n t d e n s i t y I p l o t t e d against 
the mean r a t e of r a i n f a l l R f o r many of the periods of q u i e t 
r a i n at Durham. I n t h i s instance there appears t o be a 
r e l a t i o n s h i p between the p o t e n t i a l g r a d i e n t and r a t e of 
r a i n f a l l , r a t h e r than f o r the p r e c i p i t a t i o n c u r r e n t . 
The c l o s e s t connection i n f a c t i s apparent i f the 
FIG.8.1" Mean values of potential gradient and 
" precipitat ion current density against mean ra te 
of rainfall 
F ( V m - « ) 
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standard d e v i a t i o n s of F and I are p l o t t e d against R. 
This i s done f o r the same p r e c i p i t a t i o n periods i n Fig, 8*2, 
where a. c l e a r r e l a t i o n s h i p i s seen f o r both F and I . The 
standard d e v i a t i o n of the p r e c i p i t a t i o n c u r r e n t , cTj , 
tends t o zero f o r no r a i n f a l l , as m i g h t be expectedo 
These r e l a t i o n s h i p s can also be expressed i n terms of the 
variances and Sp of r e s p e c t i v e l y I and F, as they are 
j u s t the square of the standard d e v i a t i o n s . The r e l a t i o n -
ships suggested by,Fig. 8.2 are thus: 
<Jp , <S1 cc R 
S F > S1 cc R 
The connection between the meteorological and e l e c t r i c a l 
a c t i v i t y i s thus seen more i n the v a r i a b i l i t y of the e l e c t r i c a l 
q u a n t i t i e s , r a t h e r than i n t h e i r mean values. 
8.2.?. The frequency of sign r e v e r s a l s 
The work of REITER (1965, 1968)' was mentioned i n 
Chapter 2, and i n p a r t i c u l a r h i s conclusions on the r e l a t i o n -
ship between the degree of s t a b i l i t y i n the lower atmosphere 
and the degree of e l e c t r i c a l a c t i v i t y shown by q u i e t p r e c i p i t -
a t i o n . He represented the l a t t e r q u a n t i t y by the frequency 
of sign r e v e r s a l s of the p o t e n t i a l g r a d i e n t ^ which i s e a s i l y 
obtained from a cha r t record. This may not always be an 
accurate measure of the v a r i a b i l i t y of the p o t e n t i a l g r a d i e n t , 
however, . p a r t i c u l a r l y during very q u i e t p r e c i p i t a t i o n when 
few,, i f any, s i g n changes w i l l occur. Nevertheless, i f i t 
can be taken as an approximate i n d i c a t i o n , the conclusions 
FIG. 8.2 Standard deviations of potent ial gradient (o~F) 
and precipitation current density (o~) against mean rate 
of rainfall R for quiet rain 
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of the previous s e c t i o n suggest t h a t t h i s frequency should 
also depend on the mean ra t e of r a i n f a l l d u r i n g a. record. 
The number of s i g n r e v e r s a l s per hour of both t h e 
p o t e n t i a l g r a d i e n t and. p r e c i p i t a t i o n c u r r e n t i s p l o t t e d 
against the mean r a t e of r a i n f a l l i n Fig. 8.3> f o r most of 
the periods of r a i n , s l e e t and snow observed a t Durham. 
An increase i n the frequency of sig n reversals w i t h r a t e 
of r a i n f a l l i s seen f o r both e l e c t r i c a l q u a n t i t i e s . 
Reiter r e l a t e d the frequency of sign r e v e r s a l s t o the 
degree of s t a b i l i t y i n the 5 ° 0 - 7 0 0 m b l a y e r of the atmos-
phere (approximately between 2 . 0 and 5*5 km i n a l t i t u d e ) , 
and deduced t h a t the t r a n s i t i o n from s t a b i l i t y t o i n s t a b i l i t y 
occurred when the frequency exceeded 1 .5 reversals per hour. 
This w i l l be considered i n Chapter 9> where i t i s shown 
t h a t a s i m i l a r value of frequency can be used t o d i s t i n g u i s h 
between q u i e t and di s t u r b e d p r e c i p i t a t i o n . 
6.3 The o r i g i n of the e l e c t r i c a l behaviour 
' The o r i g i n s of the usual behaviour of q u i e t p r e c i p i t -
a t i o n w i l l now be discussed, the main features f o r explan-
a t i o n being: 
( i ) The inverse r e l a t i o n , whereby duri n g r a i n the 
mean p r e c i p i t a t i o n c u r r e n t i s p o s i t i v e and the 
mean p o t e n t i a l g r a d i e n t negative, and d u r i n g snow 
these signs are reversed, 
( i i ) The mirror-image e f f e c t , whereby there i s a 
s i g n i f i c a n t negative c r o s s - c o r r e l a t i o n between 
p o t e n t i a l gradient and p r e c i p i t a t i o n c u r r e n t , w i t h 
the former u s u a l l y l e a d i n g d u r i n g r a i n and the 
FIG. 8.3 Rate of sign reversals (S) against mean rate 
of rainfall ( R ) during quiet precipitat ion 
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l a t t e r d u r i n g snow, 
( i i i ) The connection between the degrees of e l e c t r i c a l 
and meteorological a c t i v i t y . This i s evident 
i n the increase of mean p o t e n t i a l g r a d ient w i t h 
r a t e of r a i n f a l l , and more p a r t i c u l a r l y f o r the 
standard d e v i a t i o n (and hence variance) of both 
p o t e n t i a l g r a d i e n t and p r e c i p i t a t i o n c u r r e n t 
d e n s i t y . This connection i s a l s o evident i n the 
increase i n the frequency of e l e c t r i c a l s i g n 
reversals w i t h p r e c i p i t a t i o n r a t e . 
8 . 3 • 1 The inverse r e l a t i o n 
I t has already been explained i n Chapter 2 how Chalmers 
showed t h a t the inverse r e l a t i o n could be explained by two 
p r e c i p i t a t i o n charging processes. One process would be 
s i t u a t e d w i t h i n the cloud and above the 0°C l e v e l , g i v i n g 
negative charge t o s o l i d p r e c i p i t a t i o n and l e a v i n g behind 
p o s i t i v e charge w i t h i n the charging region. The second 
process would operate a t or below the 0°C l e v e l , r e v e r s i n g 
the s i g n of the p r e c i p i t a t i o n charge and l e a v i n g behind a 
negative charge w i t h i n the charging r e g i o n . For snow only 
the f i r s t process w i l l operate, producing the p o s i t i v e 
p o t e n t i a l g r a d ient at the ground, w h i l e f o r r a i n both 
processes w i l l operate, r e s u l t i n g i n a negative p o t e n t i a l 
g r a d i e n t at the ground. 
I t i s worthwhile examining the meteorological c o n d i t i o n s 
at Durham durin g the periods of q u i e t p r e c i p i t a t i o n t o see 
- 9 7 -
i f Chalmers 1 theory i s c o n s i s t e n t with the c o n d i t i o n s at 
the time: i f , f o r instance, the clouds are found t o be 
mostly at temperatures above 0°C, or only t h i n -layers of 
low cloud are present, then h i s explanation i n terms of 
the two charging processes i s u n l i k e l y . 
8 . 3 • 2 The mete o r o l o g i c a l c o n d i t i o n s during the q u i e t 
p r e c i p i t a t i o n periods 
From the data i n the Daily Weather Report and the 
Daily A e r o l o g i c a l Record of the Meteorological O f f i c e , i t 
i s possible t o gain some idea of the s t r u c t u r e of the cloud 
systems producing q u i e t p r e c i p i t a t i o n , and of the c o n d i t i o n s 
w i t h i n them. The r e l e v a n t data were obtained as f a r as 
possible f o r the p r e c i p i t a t i o n periods recorded a t Durham, 
some of the s e r o l o g i c a l p r o f i l e s having been presented i n 
Chapter 6 . Of p a r t i c u l a r i n t e r e s t i s the cloud s t r u c t u r e , 
but u n f o r t u n a t e l y t h i s i n f o r m a t i o n was not always a v a i l a b l e , 
f o r instance i f low cloud a t a p a r t i c u l a r m e t e o r o l o g i c a l 
s t a t i o n obscured higher l a y e r s * I t has thus only been 
possible t o draw general conclusions as t o the a l t i t u d e s 
of the cloud layers and the temperatures w i t h i n them. 
" The cloud observations published i n the Da i l y Weather 
Report suggest t h a t t h r e e main l a y e r s of cloud are u s u a l l y 
present d u r i n g periods of q u i e t p r e c i p i t a t i o n . An upper 
l a y e r of c i r r u s has a base at about 6 km a l t i t u d e , w i t h a 
medium l a y e r of alt:© s t r a t u s down t o about 3 km and a 
lower l a y e r of stratocumulus or nimbostratus w i t h a base 
around 0.5 t u 1.5 km. S t i l l lower layers of s t r a t u s and 
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s t r a t u s f r a c t u s are sometimes present* This cloud s t r u c t u r e 
agrees w e l l w i t h t h a t of p r e c i p i t a t i n g cloud i n a f r o n t a l 
system as o u t l i n e d i n Sect. 2 . 1 . 4 * The l a y e r of nimbostratus 
i s sometimes absent however, p a r t i c u l a r l y a t the leading edge 
of the cloud system; such instances were oc c a s i o n a l l y observed 
at Durham, u s u a l l y when l i g h t r a i n was f a l l i n g a t the s t a r t 
of a period of r a i n . 
An idea of the temperatures w i t h i n these cloud layers 
can be obtained by comparing the cloud base values w i t h an 
appropriate temperature p r o f i l e . This i s done)for the 
p a r t i c u l a r case of 12Z of17 January 1972 at Shanwell,in 
Fig. £./+, where the cloud base heights at nearby Leuchars are 
superimposed on the temperature p r o f i l e . The a l t r o s t r a t u s 
l a y e r , w i t h a. base at 3 km and a temperature of -10°C, w i l l 
extend upwards through the -15°C l e v e l . The nimbostratus 
l a y e r w i l l extend upwards from 1 km through the ~5°C l e v e l . 
Taking the m e l t i n g r e g i o n as t h a t between 0°C and 2°C, i t 
i s 200 m i n th i c k n e s s , and . l i e s below the nimbostratus l a y e r 
between 500 m and 300 m a l t i t u d e . On othe.r occasions the 
melti n g r e g i o n was o f t e n w i t h i n the nimbrostratus l a y e r , but 
was never above f o r any of the periods of r a i n recorded between 
January and June 1972 . 
A c l e a r e r idea of the possible l o c a t i o n s of the two 
charging processes proposed by Chalmers can thus be obtained. 
The upper process, i f associated w i t h s o l i d p r e c i p i t a t i o n , 
can be i n e i t h e r the nimbostratus or a l t o s t r a t u s l a y e r s . 
I f the melt i n g l e v e l i s high, i t would be r e s t r i c t e d i n the 
nimbjf o s t r a t u s l a y e r t o the upper p o r t i o n s , at a l t i t u d e s above 
FIG.8.4 Temperature profile and cloud levels at 
Shanwell , 12Z 17" January 1972 
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about 1 .5 km. The lower process, i f associated w i t h 
m e l t i n g , could be w i t h i n or beneath the nimbostratus l a y e r , 
and so must operate whether or not the m e l t i n g l a y e r i s 
w i t h i n the cloud. 
8.1+ A q u i e t p r e c i p i t a t i o n cloud model 
By making a number of assumptions concerning the 
charge sepa r a t i o n processes w i t h i n the cloud and the dimensions 
of the cloud system, approximate mathematical expressions can 
be deduced f o r the r e l a t i o n s h i p between the ground p o t e n t i a l 
g r a d i e n t and the p r e c i p i t a t i o n c u r r e n t d e n s i t y d u r i n g q u i e t 
p r e c i p i t a t i o n . The theory below i s based on t h a t of 
STRINGFELLOW (1969) and MAGON0 and ORIKASA ( I 9 6 I ) , and i t s 
p r e d i c t i o n s w i l l be compared w i t h the r e s u l t s of the q u i e t 
p r e c i p i t a t i o n measurements. The charging processes proposed 
by Chalmers w i l l be assumed t o apply. 
8.4»1 The snow cloud 
The simplest case t o consider i s the snow cloud, as 
only one charge separation process i s concerned. The 
p o t e n t i a l gradient at the ground, F, i s considered t o be 
due t o the charge w i t h i n a c y l i n d r i c a l cloud zone d i r e c t l y 
above, and t o the space charge on the f a l l i n g p r e c i p i t a t i o n 
between the cloud and the ground ( F i g . 8 . 5 ) . 
A number of assumptions concerning the e l e c t r i c a l 
behaviour of a q u i e t p r e c i p i t a t i o n cloud are made: 
( i ) .The cloud charges are independent of outside 
e l e c t r i c a l e f f e c t s . 
-100-
( i i ) Any i o n i c or space charges i n the cloud d i s s i p a t e 
only by i o n i c conduction, 
( i i i ) The r a t e of charge d i s s i p a t i o n depends only on 
the charge magnitude and the c o n d u c t i v i t y of 
the immediate area "of the cloud* 
( i v ) Any charge separation process gives r i s e t o an 
. i o n i c or cloud charge, and a p r e c i p i t a t i o n charge 
of opposite sign* 
(v) The p r e c i p i t a t i o n c u r r e n t at the ground represents 
the t o t a l c u r r e n t f l o w i n g downwards from the 
charging r e g i o n . 
I n the case of the snow cloud, the p o t e n t i a l g r a d i e n t 
at the ground, F, w i l l be the r e s u l t a n t of t h a t due t o the 
cloud i o n i c chargeC Fp)arid t h a t due t o the space charge of 
the f a l l i n g p r e c i p i t a t i o n ( F^)„ 
i . e . F = F + F ( 8 . 1 ) 
" s 
By i n t e g r a t i n g over the cloud volume of Fig. S.5> the 
p o t e n t i a l g r a d ient at any p o i n t due t o the cloud charges 
can be found. MAG0N0 and ORIKASA ( 1 9 6 1 0 showed t h a t , at 
the ground under the centre of the c y l i n d e r , t h i s i s 
F p 0 ? <f H ~ / ( H + h ) 2 + R2 + Jh2 + R2 
where p i s the cloud space charge d e n s i t y , € Q i s the 
p e r m i t t i v i t y o f f r e e space, h the cloud base h e i g h t , H the 
thickness of charging region and R i t s r a d i u s . 
(8.2) 
FIG.9.5 C h a r g i n g R e g i o n s in a S n o w C l o u d 
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Hence, i f the h o r i z o n t a l dimensions of the cloud 
are l a r g e , i . e . R 2? H, h Eq. 8 .2 becomes 
I t i s simplest t o consider charging of the p r e c i p i t a t i o n t o 
occur u n i f o r m l y throughout the cloud charging r e g i o n : then 
the cloud charge density p w i l l be constant throughout the 
r e g i o n and the p r e c i p i t a t i o n c u r r e n t density I w i l l increase 
l i n e a r l y w i t h decreasing a l t i t u d e u n t i l the base of the 
charging region i s reached ( F i g . 8 . 5 ) . Assuming t h a t the 
p r e c i p i t a t i o n c u r r e n t i s constant between the cloud and the 
ground, and again t a k i n g R » H, h, the p o t e n t i a l g r a d i e n t 
at the ground due t o the p r e c i p i t a t i o n space charge, F , 
w i l l be 
F s ^ _ L (H + 2 h ) ( 8 . 4 ) 
2B 0v 
where v i s the f a l l speed of the p r e c i p i t a t i o n . 
Hence, the ground p o t e n t i a l g r a d i e n t w i l l be given from 
Eq. 8 . 1 by 
F * + _ i . (H + 2 h ) ( 8 . 5 ) 
The only q u a n t i t y which i s not known i n t h i s expression i s 
the cloud space charge density This can be evaluated 
by the f o l l o w i n g method. 
Consider the c y l i n d r i c a l cloud zone of radius R and 
height H of Fig. 8.5* Let a p r e c i p i t a t i o n c u r r e n t of 
( 29 SEP 1978 J 
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d e n s i t y I leave the base (at height h ) . The t o t a l 
p r e c i p i t a t i o n c u r r e n t l e a v i n g the cloud i s then 
I p p T = TTR 2 I ( 8 . 6 ) 
and the t o t a l conduction c u r r e n t l e a v i n g the cloud w i l l be 
(since TTR" Hp i s the t o t a l cloud charge). 7\ i s the 
c o n d u c t i v i t y of the r e g i o n outside the c l o u d . 
Now, the t o t a l c u r r e n t l e a v i n g the cloud equals the r a t e of 
decrease of the cloud charge, and so 
•n^ R2 I + nR 2 Hp 2 _ = _ _d ( n R2 Hp) ( 8 . 8 ) 
* d t * o 
and so the cloud charge density p i s given by the d i f f e r -
e n t i a l equation 
H d£ x _ I _ HQ ( 8 ' 9 ) 
dt f 
where Y - € 0/A i s the r e l a x a t i o n time of the r e g i o n 
outside the cloud. I n t e g r a t i n g Eq. 8 . 9 gives 
P = I L (e " t / V - 1) (8.10) 
H 
assuming p = 0 when t = 0. I f i t i s assumed t h a t the 
cloud i s i n q u a s i - s t a t i c e q u i l i b r i u m , so t h a t the charge 
d e n s i t i e s are constant, then a f t e r about t > 
P = -XI (8.11) 
H 
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which i s the r e q u i r e d expression f o r - S u b s t i t u t i n g t h i s 
i n Eq. 8 .5 gives 
F = I (2h + H _ f ) (8.12) 
6 0 ( 2v ~ ) 
This expression implies that,, f o r the inverse r e l a t i o n t o 
hold during q u i e t snow, the q u a n t i t y i n brackets i n Eq. 8.12 
must be negative, so t h a t ; 
h + H ^ ( 8 . 1 3 ) 
v 2v 
I n the present work, the inverse r e l a t i o n was seen t o 
hold f o r two long periods of q u i e t snow. I f the above 
analysis i s reasonably c o r r e c t ^ the i n e q u a l i t y of expression 
8.13 should h o l d i n these cases. U n f o r t u n a t e l y j accurate 
values of X d u r i n g snow are not a v a i l a b l e , but i t has been 
estimated by MAG0N0 and ORIKASA (1961) t o be i n the range 
10 t o 20 minutes. 
l£ the snow charging process i s indeed s i t u a t e d w i t h i n 
one of the main cloud l a y e r s , . i t should be possible t o 
estimate l i k e l y values of h and H and s u b s t i t u t e them i n 
expression 8 . 1 3 . This i s done i n Table 8 . 3 j w i t h values of 
h corresponding t o the lower nimbostratus and higher a l t o -
s t r a t u s cloud bases. While the values r e p r e s e n t i n g charging 
w i t h i n the lower l a y e r j u s t s a t i s f y the c o n d i t i o n s f o r t h e 
inverse r e l a t i o n , the same does not apply f o r the higher 
cloud l a y e r . Even i f the f a l l speed of snow was twice t h a t 
estimated, t h i s would s t i l l be t r u e . I n f a c t i t appears 
t h a t , the lower the height of the charging region, the more 
l i k e l y i s the inverse r e l a t i o n . 
TABLE 8 .3 THE SNOW CLOUD MODEL 
Values o f T i h/v s + H /2v, f o r various 
snow charging region dimensions: 
height h thickness H T 
m m min 
500 500 < 13 
500 1000 17 
500 1500 21 
1000 500 2 1 
1000 1000 25 
1000 1^00 29 
3000 500 5k 
3000 1000 5$ 
3000 1500 63 
F a l l speed of snow, v r } taken as 1 ms'"J 
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8.4.2 The r a i n cloud 
The theory f o r the snow cloud can be extended t o 
the case o f the r a i n cloud by considering an extra, charging 
r e g i o n between the snow charging r e g i o n and the ground. 
The most l i k e l y l o c a t i o n of t h i s second charging r e g i o n i s 
the m e l t i n g r e g i o n , where charging i s associated w i t h the 
t r a n s i t i o n from snow t o r a i n . The s i t u a t i o n f o r the r a i n 
cloud w i l l then be as shown i n Fig. 8.6; the p o t e n t i a l 
g r a d i e n t a t the ground w i l l then be the r e s u l t a n t of the 
cloud space charge i n the snow and r a i n charging regions 
and 'the p r e c i p i t a t i o n space charge. 
The p o t e n t i a l g r a d ient at the ground due t o the space 
charge of the snow charging r e g i o n , from Eqs. 8.3 and 8.11, 
w i l l be 
F l C ?s Hs - - * s T s <8.14) 
(where the s u f f i x s r e f e r s t o the snow regions and R t o 
the r a i n r e g i o n s ) . 
S i m i l a r l y the p o t e n t i a l g r a d i e n t due t o the r a i n charging 
r e g i o n w i l l be 
*2 . ? r H r . - ^ ( l R - *«> (8.15) 
The p o t e n t i a l g r a d i e n t due t o the space charge of 
the f a l l i n g snow w i l l be, from Eq. 8.4 
F T f 3 c J H + H.+ 2(h_ - h j 
2 V , ] 
(8.16) 
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;nd, s i m i l a r l y f o r the f a l l i n g r a i n 
\ - - i i L _ ^ (H + 2h ) ( 8 . 1 7 ) 
2<S V K K 
O R 
I t i s assumed t h a t the f o i l speed of the p r e c i p i t a t i o n 
changes from v s t o v R on melting,. . , Taking 
~ ] - 1 
v = 5 ^s and v c = 1 ms , we can w r i t e 
v = v R - 5v s 
I f the e f f e c t of the m e l t i n g r e g i o n i s j u s t t o reverse the 
sign of the p r e c i p i t a t i o n c u r r e n t , then 
ix s 
and t a k i n g tH ~ 7*s = T , the ground p o t e n t i a l g r a d i e n t 
F i s 
F * F X + F 2 + F 3 * Fk ( 8 . 1 8 ) 
= f ~ { " | « H 5 + H A + 2 H S - 2 h m ) , 1 ( H r , 2 h R ) - ^ ] 
I • i (- 5K S - 6H R - I 0 h s * \2hm) - <Tl ( 8 . 1 9 ) 
2 v . 1 
Hence, f o r an inverse r e l a t i o n t o apply, the expression 
i n square brackets i n Eq. 8 .19 i s negative and so' 
I (- 5Hc. - 6Hf, - 101. +.-H2h J < T ( 8 . 2 0 ) 
Some t y p i c a l values of Hs, H R > h^ and h are used i n 
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Table 8.4- t o t e s t the r e l a t i o n s h i p 8.20 above. X i s 
again taken t o be i n the range 10 t o 20 minutes. The 
snow charging region i s assumed t o l i e w i t h i n e i t h e r the 
nimbostratus cloud (with a base at about 1 km) or the 
a l t o s t r a t u s l a y e r at about 3 km. The inverse r e l a t i o n resultsev«n 
when the m e l t i n g l e v e l h m i s high and close t o the a l t o s t r a t u s 
l a y e r (e.g. when the value of h m i s 2.5 km and h g i s 3.0 km). 
While t h i s theory i s very approximate, i t s general 
conclusions do agree w i t h the most t y p i c a l l y observed behav-
i o u r of qu i e t r a i n . I n the present work the m e l t i n g l e v e l 
h m was u s u a l l y i n the range 0.5 t o 1.5 km, when the theory 
p r e d i c t s an inverse r e l a t i o n , p a r t i c u l a r l y i f the snow was 
charged at higher l e v e l s . A few occasions when r a i n was 
observed t o f a l l from a l t o s t r a t u s cloud alone also showed 
an inverse r e l a t i o n , which the theory p r e d i c t s ; t h i s i s 
p a r t i c u l a r l y t r u e i f the m e l t i n g l e v e l was low, as would 
a c t u a l l y have been the case. 
The main f a c t o r s which, according t o the th e o r y , determine 
the presence of the inverse r e l a t i o n are the heights h m and 
h s of the two charging regions. The inverse r e l a t i o n would 
be most probable f o r a low h m and a high h s > when the space 
charge of the f a l l i n g snow would have the most e f f e c t on 
the ground p o t e n t i a l g r a d i e n t . 
8.k.3 Summary 
A simple mathematical model of the e l e c t r i c a l s t r u c t u r e 
and behaviour of a cloud system producing q u i e t p r e c i p i t a t i o n 
has been seen t o account f o r the observed inverse r e l a t i o n 
TABLE 8 .4 THE RAIN CLOUD MODEL 
Values of T = ( - 5Hg - 6H R - 10h s + 12h 1 Q ) / 2 v 
f o r various charging region dimensions: 
Height. h m height h g thickness Hg T 
m m m min 
200 1000 ;. 500 - 19 
500 1000 'jOO -, 13 
800 1000 500 - • 7 
200 500 500 - 11 
500 750 500 .. 
200 500 1000 - 15 
500 750 1000 - 33' 
500 3000 500 - U6 
1000 3000 500 - 36 
2000 3000 500 - 1$ 
2 500 3000 500 + 6 
1000 3000 1000 - 40 
25OO 3000 1000 - 10 
F a l l speed of r a i n , v , taken as 5 ros 
Thickness of r a i n charging l a y e r , hp, taken as 200 m 
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a.t the ground. I n the case of snow, i t i s most probable 
f o r charging o c c u r r i n g i n the nimbostratus cloud l a y e r , 
which w i l l t y p i c a l l y have a base at about 1 km and be 
centred around the -5°C temperature l e v e l . 
For q u i e t r a i n , a second charge s e p a r a t i o n process 
i n the m e l t i n g region, a c t i n g i n the opposite d i r e c t i o n 
t o the snow charging process, can account f o r the inverse 
r e l a t i o n . The snow charging process can i n t h i s case be 
located a t a l t i t u d e s as high as 3 km, ..even though the 
me l t i n g l e v e l can be a l s o high. The negative p o t e n t i a l 
g r a d i e n t at the ground could be due t o the negative space 
charge of the f a l l i n g snow as w e l l as t o the negative i o n i c 
charge l e f t w i t h i n the m e l t i n g region. 
I t i s i n t e r e s t i n g t o compare these conclusions w i t h 
the observations of p r e c i p i t a t i n g l a y e r clouds mentioned i n 
Sect. 2.1.5, assuming t h a t p r e c i p i t a t i o n charging i s indeed 
associated w i t h i t s generation. Snowfall was seen t o be 
u n l i k e l y f r o m clouds w i t h a base above 1 km, i n which case 
s n o w f a l l from a l t o s t r a t u s cloud alone i s u n l i k e l y . The 
theory of the previous s e c t i o n would not p r e d i c t an inverse 
r e l a t i o n i n such a case anyway, which suggests t h a t charging 
was t a k i n g place w i t h i n the nimbostratus l a y e r d u r i n g the 
periods of snov/ observed at Durham. 
The o r i g i n of the inverse r e l a t i o n i n the case of r a i n 
i s less c e r t a i n , w i t h charging at the a l t o s t r a t u s or 
nimbostratus layers being p o s s i b l e ; there could w e l l be 
some charging at both l e v e l s . The p o s s i b i l i t y of lower 
cloud l e v e l s being "seeded" by ice c r y s t a l s f a i l i n g from 
upper l e v e l s was also mentioned i n Sect. 2.1.5» Some 
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charging at both l e v e l s would be consistent w i t h the few 
cases observed at Durham of r a i n from a l t o s t r a t u s cloud 
alone, when the inverse r e l a t i o n was s t i l l present. 
8• 5 The o r i g i n of the mirror-image e f f e c t 
I t has been seen how the inverse r e l a t i o n d u r i n g q u i e t 
p r e c i p i t a t i o n can be explained i n terms of charging processes 
operating at d i f f e r e n t heights i n the cloud system. 
Since the mirror-image e f f e c t i s u s u a l l y a l s o present, any 
explanation of i t s o r i g i n w i l l have t o be based on an e l e c t -
r i c a l s t r u c t u r e i n and below the cloud c o n s i s t e n t w i t h the 
presence of the inverse r e l a t i o n . 
The mirror-image e f f e c t can be considered i n the case of 
q u i e t p r e c i p i t a t i o n as being a consequence of small v a r i a t i o n s 
i n e l e c t r i c a l a c t i v i t y superimposed on the o v e r a l l inverse 
r e l a t i o n . These v a r i a t i o n s are seen at the ground as 
f l u c t u a t i o n s i n the p o t e n t i a l gradient and p r e c i p i t a t i o n 
c u r r e n t . Thus CHALMERS (1967) considered t h a t the same 
f a c t o r s which produce the inverse r e l a t i o n also operate i n 
the case of the mirror-image e f f e c t , t h a t i s the l e a v i n g 
behind i n the cloud of a charge opposite t o t h a t on the 
p r e c i p i t a t i o n . The mirror-image e f f e c t involves changing 
c o n d i t i o n s , however, and not necessarily the " q u a s i - s t a t i c " 
s t a t e assumed f o r discussion of the inverse r e l a t i o n . 
Chalmers' t h e o r i e s as t o the possible o r i g i n s of the 
mirror-image e f f e c t were discussed i n Sect. 2.3*2; these 
w i l l now be examined i n terms of the observations of the 
present work. 
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8«5»1 Moving and s t a t i o n a r y clouds 
Chalmers argued t h a t i f the mirror-image e f f e c t was 
a consequence o f the v a r i a t i o n of e l e c t r i c a l a c t i v i t y i n 
the cloud, i t could be due t o e i t h e r a moving cloud w i t h 
regions of greater and lesser a c t i v i t y passing the observer, 
or t o a s t a t i o n a r y , developing cloud. I n an a c t u a l p e r i o d 
of p r e c i p i t a t i o n , of course, both s i t u a t i o n s may be present 
t o some e x t e n t , but i t seems reasonable t o expect t h a t i n 
at l e a s t some cases one or other s i t u a t i o n w i l l predominate. 
To decide which s i t u a t i o n applies i n a p a r t i c u l a r case, 
an estimate of the l i k e l y p e r i o d of v a r i a t i o n of e l e c t r i c a l 
a c t i v i t y w i t h i n the cloud i s needed. Some i n d i c a t i o n can 
be gained from the e l e c t r i c a l r e l a x a t i o n time of the atmos-
phere, which as mentioned e a r l i e r i s g e n e r a l l y taken t o 
be of the order of 10 t o 20 min. f o r q u i e t p r e c i p i t a t i o n . 
A cloud moving at 10 r r t s " ^ w i l l t r a v e l 12 km i n a. time of 
20 min., so t h a t any development i n a c t i v i t y w i t h t h i s time 
period seems u n l i k e l y t o be detected by a s t a t i o n a r y observer, 
unless the development i s p a r t i c u l a r l y widespread over a. 
large area of cloud. At low wind speeds, say 2 t o 3 ms~", 
the cloud would only t r a v e l a. k i l o m e t r e or so i n an hour, i n 
which case the e f f e c t s of e l e c t r i c a l development could w e l l 
be predominant as seen at a f i x e d l o c a t i o n on the ground. 
For most o f the Durham records, the ground wind speeds 
were i n the range 3 t o 6 ms~^ " (or above), so t h a t the moving 
cloud s i t u a t i o n might be expected. According t o Chalmers, 
t h i s r e s u l t s i n a mirror-image e f f e c t at the ground w i t h 
the p o t e n t i a l g r a d i e n t leading, which was indeed u s u a l l y 
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found (Table. 7.2). 
Chalmers a t t r i b u t e d the time d i f f e r e n c e between the 
two e l e c t r i c a l records t o the time of f a l l of the p r e c i p -
i t a t i o n from the charging region being longer than the 
time taken by the p o r t i o n of cloud from which i t o r i g i n a t e d 
t o t r a v e l across t o be v e r t i c a l l y above the observer. One 
possible reason f o r t h i s d i f f e r e n c e could be wind shear 
between the cloud and the g r o u n d , r e s u l t i n g i n the h o r i z o n t a l 
v e l o c i t y of the p r e c i p i t a t i o n decreasing 3 s i t nears the 
ground and so f a l l i n g behind the p o r t i o n of cloud i n which 
i t o r i g i n a t e d . 
6.5*2 Theory of the time lags 
A method, w i l l now be d e r i v e d f o r e s t i m a t i n g time lags 
(and t h e i r d i r e c t i o n ) f o r the mirror-image e f f e c t d u r i n g 
q u i e t r a i n , assuming t h a t they are due s o l e l y t o wind shear 
between the charging region and the ground. This involves 
a number of assumptions concerning the p h y s i c a l behaviour 
of the p r e c i p i t a t i o n as i t f a l l s from the cloud. These 
are: 
( i ) The p r e c i p i t a t i o n p a r t i c l e s t r a v e l h o r i z o n t a l l y 
at the speed of the wind, and v e r t i c a l l y at t h e i r 
t e r m i n a l f a l l speed: t h i s i s taken as 5 ms""^  
f o r r a i n and 1 ms ^  f o r snow, 
( i i ) The t e r m i n a l f a l l speed of the p r e c i p i t a t i o n 
changes from t h a t of snow to t h a t of r a i n a t the 
0°C l e v e l . 
Also, w i t h regard t o the wind: 
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( i i i ) The v a r i a t i o n of wind speed w i t h height 
w i l l be taken from the a e r o l o g i c a l p r o f i l e 
at the nearest s t a t i o n t o Durham at which the 
weather c o n d i t i o n s are.comparable. The surface 
wind speed w i l l be taken as t h a t at Durham, as 
t h i s i s most l i k e l y t o be a f f e c t e d by l o c a l 
c o n d i t i o n s . 
( i v ) A region of wind shear w i l l be considered t o be 
one where the wind speed changes w i t h h e i g h t 
( p o s i t i v e f o r an increase w i t h i n c r e a s i n g 
h e i g h t ) . Changes i n wind d i r e c t i o n w i l l not 
be considered; the a.erological p r o f i l e s show 
t h i s t o be a reasonable assumption, except 
occas i o n a l l y i n the f i r s t few hundred metres 
above the ground. 
I t i s assumed t h a t the p r e c i p i t a t i o n i s charged a t a 
height H above the ground, and t h a t the p o t e n t i a l g r a d i e n t 
at the ground i s l a r g e l y due t o the space charge (of opposite 
sign) remaining in. the cloud. Such a s i t u a t i o n would r e s u l t 
i n the observed inverse r e l a t i o n at the ground, whereas i f 
the ground p o t e n t i a l gradient was due l a r g e l y t o the space 
charge of the f a l l i n g p r e c i p i t a t i o n , no inverse r e l a t i o n 
would r e s u l t . 
The mirror-image e f f e c t i s taken as due t o the passage 
of p o r t i o n s of cloud which are s l i g h t l y more or less a c t i v e 
e l e c t r i c a l l y , but the d i f f e r e n c e not being s u f f i c i e n t t o 
a f f e c t the presence of the o v e r a l l inverse r e l a t i o n . A 
column of s l i g h t l y increased (or decreased) p r e c i p i t a t i o n 
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c u r r e n t w i l l f a l l from the r e g i o n of cloud t o the ground, 
being d e f l e c t e d by any wind shear. I t i s t h i s d e f l e c t i o n 
which w i l l determine whether there i s a time l a g between 
the p o t e n t i a l g r a d i e n t and p r e c i p i t a t i o n c u r r e n t at the 
ground;, i f there i s no shear, there w i l l be no l a g , as 
then the region o f enhanced cloud charge w i l l be above an 
observer at the ground at the same time as the p r e c i p i t a t i o n 
c u r r e n t from t h i s region a r r i v e s . 
A t y p i c a l s i t u a t i o n i s shown i n Fig. 8.7 where the 
behaviour of a p r e c i p i t a t i o n p a r t i c l e d u r i n g f a l l from 
charging at height z = 0 i s considered. The o r i g i n of 
the co-ordinate system i s taken t o be the p o i n t of charging 
P f o r convenience of c a l c u l a t i o n . The frame of reference 
moves w i t h the charging l e v e l a t the h o r i z o n t a l wind v e l o c i t y 
V (note t h a t p o s i t i v e 2 i s downwards). 
I f the wind shear k i s constant w i t h a l t i t u d e 
- %^n. {8.21, 
( t a k i n g k t o be p o s i t i v e i f the wind speed increases w i t h 
h e ight above the ground). 
A p r e c i p i t a t i o n p a r t i c l e charged at P w i l l experience a 
h o r i z o n t a l a c c e l e r a t i o n dv due t o the wind shear as i t 
dt ' 
f a l l s t o the ground. 
Now £v = d v , t dz = _ k w (S.22) 
dt d z d t 
where w i s the f a l l v e l o c i t y of the p a r t i c l e . 
The h o r i z o n t a l distance x t r a v e l l e d a t time t a f t e r charging 
w i l l be 
FIG. 8.7 Calculat ion of t ime , lags in the 





P a t h of fa l l ing p r e c i p i t a t i o n 
( fal l s p e e d v^) 
P r e c i p i t a t i o n c o l l e c t o r i s at p o i n t C 
C o - o r d i n a t e s y s t e m ( o r i g i n at P ) m o v s s w i t h t h e 
c l o u d a t w i n d s p e e d V . 
W i n d g h s a r - k * V - V , 
• H 
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x = 2 dv t 2 = _ 1 kwfc2 (8.23) 2 d t 
But ' t z 
w 
, 2 
and so x = - I kz (8.24) 2 w 
Therefore, when the p a r t i c l e reaches the ground, the 
h o r i z o n t a l distance A x t r a v e l l e d from the p o i n t of 
charging, P w i l l be 
A v . 1 kH 2 
2 w (8.25) 
The time d i f f e r e n c e At between the p o i n t P being 
d i r e c t l y above the p r e c i p i t a t i o n c o l l e c t o r and the 
p r e c i p i t a t i o n a r r i v i n g a t the c o l l e c t o r w i l l be 
A t • - 4*. (8.26) 
This w i l l be the time l a g of the mirror-image e f f e c t i f 
the assumptions made e a r l i e r i n t h i s s e c t i o n are t r u e . 
-Then A t = - ^  kH 2 (8.27) 
Vw~ 
This expression p r e d i c t s a negative value of time lag At 
i f the wind increases w i t h h e i g h t above the ground, a. 
s i t u a t i o n when the p o t e n t i a l gradient would lead. This 
agrees w i t h the a r b i t r a r y convention adopted e a r l i e r , of a 
negative value o f time l a g representing the p o t e n t i a l g r a d ient 
l e a d i n g . 
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For zero wind shear, no time l a g r e s u l t s i f the 
p r e c i p i t a t i o n always t r a v e l s a t the h o r i z o n t a l wind speed. 
This boundary c o n d i t i o n i s s a t i s f i e d by Eq. 8.28, since 
A t = 0 when k = 0. 
This theory s t r i c t l y applies only i n the case o f a 
st r o n g inverse r e l a t i o n due t o a. s i n g l e charging r e g i o n 
above the ground, when the e f f e c t s of the space charge of 
the f a l l i n g p r e c i p i t a t i o n can be neglected. The presence 
of more than one r e g i o n of wind shear i s allowed f o r by 
c a l c u l a t i n g the time l a g due t o each r e g i o n , but i n each case 
using the value of V f o r the uppermost re g i o n , since t h i s 
w i l l be the h o r i z o n t a l speed of the charging r e g i o n . The 
r e s u l t a n t time l a g at the ground i s then 
A T = Y_ At. (8.28) 
i 
where t ^ i s the v a l u e of time l a g f o r the i th region. 
8.5-3 C a l c u l a t i o n of time lags during o u i e t p r e c i o i ' . a t i o n 
periods 
The above method was used t o c a l c u l a t e time lags f o r 
periods of quiet p r e c i p i t a t i o n a t Durham when., both the 
inverse r e l a t i o n and mirror-image e f f e c t were prominent. 
The c a l c u l a t e d values, assuming various charging h e i g h t s , 
are given i n Table 8.5, together w i t h the a c t u a l measured 
values. The wind p r o f i l e s were taken from the a e r o l o g i c a l 
records at e i t h e r the Shanwell or Kemsby s t a t i o n s , dependent 
on which s t a t i o n had weather c o n d i t i o n s most s i m i l a r t o 
Durham. Ground wind speeds were again taken as the average 
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most l i k e l y to be a f f e c t e d by l o c a l c o n d i t i o n s . 
Considering the approximations involved i n t h i s method, 
the c a l c u l a t e d values of time l a g i n Table 8.5 agree 
s u r p r i s i n g l y w e l l w i t h the a c t u a l values,assuming charging 
at the ~5°C l e v e l ( t y p i c a l l y about 1.5 km a l t i t u d e ) . 
The large time l a g f o r record l / 3 of 11 January i s p r e d i c t e d , 
as i s the near-zero l a g of record 2/5 of 15 February. 
The c a l c u l a t e d time lags assuming charging at the m e l t i n g 
l e v e l are a l l t o o s m a l l , w h i l e charging at the -15°C l e v e l 
(about 3*5 km) would u s u a l l y r e s u l t i n the p r e c i p i t a t i o n 
c u r r e n t l e a d i n g . This l a t t e r r e s u l t i s due to the e f f e c t s 
of the region of negative wind shear u s u a l l y present i n or 
above the nimbrostratus cloud l a y e r (see f o r instance Fig. 
6.1/j.). This region was p a r t i c u l a r l y prominent f o r the 
s l e e t record l / l and the r a i n record 4/5> and so these period 
were included i n the c a l c u l a t i o n s , although not showing the 
usual d i r e c t i o n of time l a g . 
8. 5• 4 Conclusions from the c a l c u l a t e d time laF.s 
This method of c a l c u l a t i n g the time l a g of the m i r r o r -
image e f f e c t suggests t h a t when the main charging region 
i s l o c ated approximately around the -5°C l e v e l the c a l c u l a t e d 
time lags are i n reasonable agreement w i t h the a c t u a l values. 
C e r t a i n l y , i f these time lags are l a r g e l y determined by the 
height of the charging r e g i o n and the wind shear beneath, 
charging at a l t r o s t r a t u s l e v e l s (about the -15°C l e v e l ) 
appears t o be i n c o n s i s t e n t w i t h the usual magnitude and 
d i r e c t i o n of time l a g . 
I t must be borne i n mind t h a t o u i t e considerable 
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assumptions have been made i n c a l c u l a t i n g these time lags. 
I n p a r t i c u l a r , the r a i n below the m e l t i n g l e v e l i s u n l i k e l y 
t o t r a v e l h o r i z o n t a l l y at the wind speed, although i t w i l l 
be influenced by i t . ASPINALL ( 1 9 7 0 ) has i n f a c t deduced 
an exnression r e l a t i n g the behaviour of the f a l l i n g raindrops 
t o the h o r i z o n t a l wind speed i n t h i s s i t u a t i o n , but i t involved 
an unconvincing s o l u t i o n t o a complicated d i f f e r e n t i a l equation. 
The wind p r o f i l e s were taken on each occasion from a 
s i n g l e set o f a e r o l o g i c a l data at a s t a t i o n a considerable 
distance from Durham. Despite c a r e f u l comparison of the 
weather c o n d i t i o n s at the s t a t i o n w i t h those at Durham, they 
may have been considerably d i f f e r e n t , and p o s s i b l y unrepresent-
a t i v e of average c o n d i t i o n s over the whole p e r i o d of p r e c i p -
i t a t i o n . However, t h i s method does show t h a t the observed 
time lags d u r i n g the mirror-image e f f e c t can be explained i n 
terms of a cloud charging process, probably above the m e l t i n g 
r e g i o n , and the e f f e c t s of wind shear between the cloud and 
the ground. 
o.6 General conclusions 
This Chapter has shown t h a t many of the periods of 
quiet, p r e c i p i t a t i o n observed at Durham had e l e c t r i c a l 
behaviour t y p i c a l of t h a t found by previous i n v e s t i g a t i o n s . 
Both the inverse r e l a t i o n and mirror-image e f f e c t during 
r a i n can be explained q u a l i t a t i v e l y by two charging processes, 
one charging s o l i d p r e c i p i t a t i o n n e g a t i v e l y and the second 
charging the p r e c i p i t a t i o n p o s i t i v e l y on m e l t i n g . Both 
processes are assumed t o leave an opposite charge i n the 
appropriate charging r e g i o n . Some degree of q u a n t i t a t i v e 
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explanation has also been given, i n p a r t i c u l a r f o r the 
time lags associated w i t h the mirror-image e f f e c t . 
The upper charging process appears most l i k e l y t o be 
located i n the lower, riimbostratus ..cloud l a y e r surrounding 
approximately the -5°C l e v e l . Charging i n the up p e r , a l t o -
s t r a t u s 7 l a y e r would be c o n s i s t e n t w i t h the inverse r e l a t i o n 
d u r i n g r a i n , but would not produce the usual time l a g i n 
the mirror-image e f f e c t . This conclusion agrees w i t h the 
a i r c r a f t observations of Imyanitov and Chubarina, reported 
i n Chapter 2, who found most charging i n the 0 C t o - 10 UC 
regions of the cloud. 
The inverse r e l a t i o n d u r i n g snow can be explained by 
the upper charging process alone, l o o t e d i n the nimbostratus 
cloud l a y e r . The theory of the mirror-image e f f e c t does 
not, however, e x p l a i n the usual d i r e c t i o n of time l a g unless 
the wind shear between the cloud and the ground i s c o n s i s t -
e n t l y d i f f e r e n t d u r i n g snow from t h a t d u r i n g r a i n ; there 
i s no evidence t h a t t h i s i's so. 
I n a l l these cases a. " q u a s i - s t a t i c " s t a t e has been assumed, 
such t h a t the p r e c i p i t a t i o n currents and space charge d e n s i t i e s 
do not vary s i g n i f i c a n t l y w i t h height outside the charging 
regions, and t h a t there are no s i g n i f i c a n t h o r i z o n t a l v a r i a -
t i o n s i n current or charge. The mirror-image e f f e c t i s 
considered t o be due t o cloud regions of s l i g h t l y g r e a t e r 
or l e s s e r a c t i v i t y passing a s t a t i o n a r y observer at the 
ground; these v a r i a t i o n s are superimposed on the o v e r a l l 
inverse r e l a t i o n a t the ground. 
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The observed connection between the degrees of 
e l e c t r i c a l and meteorological a c t i v i t y (the l a t t e r • r e p r e s e n t e d 
by t h e - r a t e of r a i n f a l l ) i s consi s t e n t w i t h the assumption 
t h a t p r e c i p i t a t i o n charging i s associated w i t h i t s formation.. 
I n p a r t i c u l a r the variance of the e l e c t r i c a l q u a n t i t i e s was 
found t o increase w i t h rate of r a i n f a l l . 
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CHAFTER 9 
Other Periods of P r e c i p i t a t i o n and Some Other Topics 
9•1 Periods of q u i e t p r e c i p i t a t i o n 
Most periods of qu i e t p r e c i p i t a t i o n were examined i n 
the previous Chapter, where t h e i r b e h a v i o u r was seen t o 
be generally c o n s i s t e n t w i t h the t h e o r i e s of Chalmers 
regarding the charging of q u i e t p r e c i p i t a t i o n . Some of 
the periods which d i d not behave i n t h i s manner w i l l now 
be considered. 
9•1•1 The mirror-image e f f e c t 
Most of the exceptions t o the general p a t t e r n of 
behaviour are apparent i f the mirror-image e f f e c t i s 
considered. I f Table 7»2 i s examined, i t can be seen 
t h a t these exceptions are of two types: 
( i ) Periods w i t h a maximum of negative c r o s s - c o r r e l a t i o n 
(and hence mirror-image e f f e c t ) f o r the p r e c i p i t a t i o n 
c u r r e n t l eading. Some of the time lags are much 
grea t e r than usual, but not a l l the c o r r e l a t i o n s 
are s i g n i f i c a n t , 
( i i ) Three periods w i t h a maximum of p o s i t i v e cross-
c o r r e l a t i o n (and so no mirror-image e f f e c t ) f o r 
the p r e c i p i t a t i o n c u r r e n t leading. Again the 
time lags are much greater than usual. 
There i s only one record, 6/5 of the /+ and 5 June, which 
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does not f i t these c l a s s i f i c a t i o n s , n o r t h a t of Chapter 8. 
This shows negative c o r r e l a t i o n , but f o r the p o t e n t i a l 
g radient leading by 61 minutes. The c o r r e l a t i o n c o e f f i c -
i e n t i s not s t a t i s t i c a l l y s i g n i f i c a n t i n t h i s case and 
po i n t discharge currents may have occurred d u r i n g a short 
p a r t of the record when the p o t e n t i a l gradient was high , 
and so t h i s record w i l l not be considered f u r t h e r . 
9.1.2 The mirror-image e f f e c t w i t h the p r e c i p i t a t i o n 
c u r r e n t leading 
I f the two periods of snow are included, s i x records 
come i n t o t h i s category. Period 4/5 of the 8 and 9 A p r i l 
could be explained by wind shear e f f e c t s (see the previous 
Chapter), as on t h i s occasion a e r o l o g i c a l p r o f i l e s show a 
considerable v e r t i c a l r e g i o n of wind speed decreasing w i t h 
i n c r e a s i n g a l t i t u d e , which would cause the f a l l i n g p r e c i p -
i t a t i o n j t o advance ahead of the cloud. The time l a g 
(1.5 min) i s much smaller than f o r the two other periods 
of r a i n ( 5 / l and 6 / l 6 ) , suggesting t h a t there may have been 
d i f f e r e n t f a c t o r s a c t i n g i n t h i s case than f o r the other 
two periods. 
A common f e a t u r e of the records 5 / l and 6/l6 i s the 
low surface wind speeds throughout the period of r a i n ; 
Table 7.3 shows the mean wind speeds a t Durham t o be 
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r e s p e c t i v e l y 1.5 and 1.0 ms . The appropriate a e r o l o g i c a l 
p r o f i l e a t Shanwell f o r the record. 5/l :. shows the wind 
speed t o be low r i g h t up t o the a l t o s t r a t u s cloud l e v e l at 
3 km a l t i t u d e , w i t h the wind not exceeding 5 ws~^ u n t i l 
> 
3.2 km (see Fig. 6.21), w i t h s i m i l a r c o n d i t i o n s p e r s i s t i n g 
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12 hours l a t e r . A s i m i l a r p e r i o d of q u i e t r a i n was also 
recorded on the 3 and 4 August 1 9 7 1 , before the data hand-
l i n g system was developed. Steady r a i n f e l l i n low wind 
c o n d i t i o n s f o r nearly 19 hours, w i t h a s t a t i s t i c a l l y s i g n -
i f i c a n t c r o s s - c o r r e l a t i o n c o e f f i c i e n t of - O.48 f o r the 
p r e c i p i t a t i o n c u r r e n t leading by 1 0 . 5 min. The surface 
wind speed at Durham averaged 1 .5 ms~\ and the a e r o l o g i c a l 
p r o f i l e s a t both Shanwell and Aughton again show wind speeds 
mostly less than 5' ms~^ at up t o .3 km a l t i t u d e (Fig. Q.l), 
I t w i l l be r e c a l l e d t h a t Chalmers' explanation of the 
mirror-image e f f e c t also included the case of a s t a t i o n a r y 
developing cloud, for.-which he predict e d a maximum of neg-
a t i v e c r o s s - c o r r e l a t i o n f o r the p r e c i p i t a t i o n c u r r e n t leading. 
This could e x p l a i n the periods of p r e c i p i t a t i o n mentioned 
above, as the wind speeds i n two of the cases were low r i g h t 
up t o the a l t o s t r a t u s cloud l e v e l , so t h a t the cloud system 
would have^been p a r t i c u l a r l y slow-moving. 
The much longer time lags d u r i n g these periods of 
r a i n may also be c o n s i s t e n t w i t h t h i s e xplanation, f o r i f 
the v a r i a t i o n i n the e l e c t r i c a l q u a n t i t i e s at the ground 
i s due l a r g e l y t o v a r i a t i o n i n e l e c t r i c a l a c t i v i t y i n the 
cloud, then the time l a g may be associated w i t h the time of 
f a l l o f the p r e c i p i t a t i o n from the cloud. P r e c i p i t a t i o n 
f a l l i n g from nimbostratus cloud at 2 km through a m e l t i n g 
l e v e l a t 1 km would have a time of f a l l of about 2 0 min, 
assuming f a l l speeds of 1 ms-"^ f o r snow and 5 ms-''" f o r r a i n . 
The recorded time lags were r e s p e c t i v e l y 22 and 20 min f o r 
records 5 / 1 and 6 / l 6 and 1 0 . 5 min f o r the 3 and /+ August 1 9 7 1 , 
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the m e l t i n g l e v e l i n f a c t being much higher i n the l a t t e r 
case than i n the other two cases. 
Vihile Chalmers' theory again may e x p l a i n t h e behaviour 
of some of these periods of r a i n , there i s s t i l l no explan-
a t i o n of the behaviour of the two periods of snow (and one 
of the periods of s l e e t ) . Conditions were not p a r t i c u l a r l y 
q u i e t d u r i n g these periods, although the e l e c t r i c a l behaviour 
was s i m i l a r t o t h a t i n the periods mentioned above. The 
greater space charge of f a l l i n g snow, due t o i t s f a l l speed 
being less than rain,seems u n l i k e l y to be a. factor., since 
the inverse r e l a t i o n i s s t i l l present.. Charging processes 
w i t h i n the cloud ,therefor^ may not be s u f f i c i e n t t o e x p l a i n 
the e l e c t r i c a l p r o p e r t i e s of qu i e t snow, and so possibly 
other effects'may be responsible.' 
9 « 1 « 3 Other periods w i t h the p r e c i p i t a t i o n c u r r e n t 
leading 
Two per Tods of r a i n ( 4 / 2 and 5 / 2 ) and one of s l e e t ( 2 / 5 ) 
show a s t a t i s t i c a l l y s i g n i f i c a n t p o s i t i v e c r o s s - c o r r e l a t i o n 
f o r the p r e c i p i t a t i o n c u r r e n t leading. There are no common 
features of the three periods, however, which • " suggest 
possible reasons f o r t h i s behaviour. Record 5 / 2 occurred 
d u r i n g p a r t i c u l a r l y q u i e t c o n d i t i o n s when wind speeds were 
low, while record 2 / 5 was du r i n g p a r t i c u l a r l y high wind 
speeds, with a. mean of 9«5 ms rat Durham. Two of the 
records show minor peaks of negative c o r r e l a t i o n f o r the 
p o t e n t i a l g r a d ient l e a d i n g , which i s the usual behaviour of 
qu i e t r a i n , but t h i s may be due t o the p e r i o d i c i t y of the 
e l e c t r i c a l records producing a s i m i l a r p e r i o d i c i t y i n the 
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c r o s s - c o r r e l a t i o n f u n c t i o n , as explained i n Sect. 5 ° 1 » 4 » 
The inverse r e l a t i o n was present d u r i n g a l l three records. 
9 • 1 • 4 The inverse r e l a t i o n 
Some periods of r a i n d i d not show an inverse r e l a t i o n , 
i n which case both the p o t e n t i a l g r a d i e n t and p r e c i p i t a t i o n 
c u r r e n t were negative. R e f e r r i n g t o Table 7»lj these 
periods were 2 / 3 , 3 / 1 0 , 5 / l , 6 / 7 and 6 / 1 3 . I n a l l but 
the l a s t case the synoptic s i t u a t i o n at the time, given 
i n Table 7 - 3 , was d i f f e r e n t from the usual one of a passing 
occluded or warm f r o n t * Thus f o r record 2 / 3 there was no 
evidence of any f r o n t a l f e a t u r e , the p r e c i p i t a t i o n a t Durham 
being l a r g e l y heavy d r i z z l e , w i t h the area of p r e c i p i t a t i o n 
being confined t o near the east coast of Northern England 
and Scotland. There was also no f r o n t a l f e a t u r e which 
could account f o r period 3 / l 0 » but the high r a t e of r a i n f a l l 
\ 
( 1 . 2 mm hr ) makes i t u n l i k e l y t o have been d r i z z l e . 
Record 5 / l has already been examined i n d e t a i l i n Chapter 6 , 
where i t can be seen t h a t the lack of any inverse r e l a t i o n 
i s i n f a c t confined bo the f i r s t h a l f of the record ; the 
second h a l f has d i f f e r e n t e l e c t r i c a l p r o p e r t i e s , as examined 
i n Sect 9 « 1 « 2 . The usual f r o n t a l s i t u a t i o n was again 
absent, except towards the end of the period when an 
occluded f r o n t had developed, (see Fig. 6 . 1 6 ) . 
Another aspect of the connection between the meteoro-
l o g i c a l and e l e c t r i c a l p r o p e r t i e s of q u i e t p r e c i p i t a t i o n i s 
thus suggested; t h a t p r e c i p i t a t i o n periods not showing an 
inverse r e l a t i o n tend t o o r i g i n a t e i n d i f f e r e n t meteorolog-
i c a l s i t u a t i o n s from those t h a t do. More observations are 
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needed t o c l a r i f y t h i s r e l a t i o n s h i p , and t o suggest reasons 
f o r the d i f f e r e n t e l e c t r i c a l behaviour. 
Occasionally there was a period of r a i n w i t h a mean 
p o s i t i v e p o t e n t i a l gradient and a mean negative p r e c i p i t -
a t i o n c u r r e n t ; instances are records 6 / l l and 6 / l 6 . 
The l a t t e r record showed the mirror-image e f f e c t , but w i t h 
the p r e c i p i t a t i o n c u r r e n t leading. I n both cases the 
usual f r o n t a l f e a t u r e was not evident, the l a t t e r record 
being r a i n associated w i t h a cold f r o n t o 
9 . 1 . 5 Summary 
The conclusions o f t h i s s e c t i o n can be summarised as 
'follows: 
( i ) Most of the meteorogically q u i e t e s t periods of 
r a i n , i . e . when wind speeds were lowest, showed 
e l e c t r i c a l behaviour d i f f e r e n t from t h a t g e n e r a l l y 
observed d u r i n g q u i e t r a i n . This i s p a r t i c u l a r l y 
evident when the mirror-image e f f e c t i s considered, 
( i i ) The e l e c t r i c a l behaviour of these periods can 
be explained t o some extent i n terms of a. pre-
dominantly s t a t i o n a r y cloud i n which the e l e c t r i c a l 
a c t i v i t y i s v a r y i n g , as suggested by Chalmers. 
The presence of the inverse r e l a t i o n would suggest 
t h a t the same charging processes are concerned as 
f o r the moving cloud s i t u a t i o n * 
( i i i ) The e l e c t r i c a l behaviour of q u i e t snow i s s i m i l a r 
t o very q u i e t r a i n , but the s i t u a t i o n i s not t h a t 
of a s t a t i o n a r y developing cloud* 
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( i v ) Periods of qu i e t p r e c i p i t a t i o n showing e l e c t r i c a l 
behaviour d i f f e r e n t frora t h a t g e n e r a l l y observed 
often o r i g i n a t e i n meteorological s i t u a t i o n s also 
d i f f e r e n t from usualo 
The idea of a. s t a t i o n a r y , developing cloud sometimes 
being the o r i g i n o f the e l e c t r i c a l behaviour o f q u i e t 
p r e c i p i t a t i o n i s supported by some observations of p r e c i p -
i t a t i o n c u r r e n t s t o h o r i z o n t a l l y separated r e c e i v e r s . 
CHALMERS ( I 9 6 7 ) r e p o r t s simultaneous v a r i a t i o n s of c u r r e n t 
at distances up t o 12 km apart, w h i l e more r e c e n t l y 
STRINGFELLOW ( 1 9 6 9 ) found on several occasions s i g n i f i c a n t 
c o r r e l a t i o n between simultaneous c u r r e n t s t o re c e i v e r s several 
J 
kilometres apart. More o f t e n , of course, such measurements 
r e s u l t i n maximum c o r r e l a t i o n f o r a time d i f f e r e n c e approx-
imately equal t o the time of t r a v e l of the cloud from one 
rec e i v e r t o the other (STRINGFELLOW, 1 9 o 9 ; OWOLABI and 
CHALMERS, I 9 6 5 ) . This f i n d i n g i s i n accordance w i t h the 
e l e c t r i c a l behaviour of quiet- p r e c i p i t a t i o n being due t o 
the movement of the cloud system past the observer on the 
ground. 
9 • 2 Quiet and d i s t u r b e d p r e c i p i t a t i o n 
While the present work i s concerned w i t h the e l e c t r i c a l 
behaviour of q u i e t p r e c i p i t a t i o n , the c h a r a c t e r i s t i c s of a 
number of periods of d i s t u r b e d p r e c i p i t a t i o n w i l l now be 
considered. I t w i l l be r e c a l l e d t h a t the term " d i s t u r b e d " 
was proposed f o r periods which showed more v i o l e n t e l e c t r i c a l 
behaviour', and'an example was given i n Chapter 6 . No 
common method of d i s t i n g u i s h i n g q u i e t and d i s t u r b e d p r e c i p -
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i t a t i o n has ever been given by workers i n v e s t i g a t i n g the 
s u b j e c t ; however the most usual method has been t o describe 
as quiet those periods when the p o t e n t i a l g r a d i e n t does 
not exceed a c e r t a i n magnitude, f o r instance 1 0 0 0 Vm-"^ ; a n d 
a l l other periods would then presumably be classed as 
d i s t u r b e d . 
A s i m i l a r approach has been taken i n i t i a l l y i n the 
+ - 1 
present work, w i t h - 1 5 0 0 Vm being used as the l i m i t i n g 
values of p o t e n t i a l gradient (see Sect^ 2.5•3) • More 
d e t a i l e d c o n s i d e r a t i o n of the e l e c t r i c a l and meteorological 
c o n d i t i o n s d u r i n g some of the periods of d i s t u r b e d p r e c i p -
i t a t i o n at Durham suggest a more precise means of d i s t i n g -
u i s h i n g q u i e t and d i s t u r b e d p r e c i p i t a t i o n . 
9 . 2 . 1 Periods of d i s t u r b e d p r e c i p i t a t i o n 
As the p o t e n t i a l gradient and p r e c i p i t a t i o n c u r r e n t 
were continuously recorded on c h a r t whether or not p r e c i p -
i t a t i o n was f a l l i n g , records of many of the periods of 
d i s t u r b e d p r e c i p i t a t i o n at Durham were also obtained. 
Despite the c h a r t records o f t e n being o f f - s c a l e or changing 
r a p i d l y , the frequency of sign r e v e r s a l s of the p o t e n t i a l 
gradient and p r e c i p i t a t i o n c u r r e n t could be obtained f o r a l l 
but the most d i s t u r b e d periods. This frequency has already 
been seen t o give a. reasonable measure of the degree of 
e l e c t r i c a l a c t i v i t y during quiet p r e c i p i t a t i o n , and so 
should at l e a s t i n d i c a t e whether the degree of a c t i v i t y 
d u r i n g d i s t u r b e d p r e c i p i t a t i o n i s considerably d i f f e r e n t . 
Values of the frequency of s i g n r e v e r s a l s and d e t a i l s 
of the meteorological c o n d i t i o n s d u r i n g some of the periods 
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of d i s t u r b e d p r e c i p i t a t i o n recorded a t Durham are given 
i n Table 9«1« Both the meteorological and e l e c t r i c a l 
q u a n t i t i e s are ge n e r a l l y greater . than d u r i n g q u i e t p r e c i p -
i t a t i o n , w i t h the frequency of sign r e v e r s a l s being mostly 
above 1«5 hr \ and p r e c i p i t a t i o n r a t e s as high as 2 . 6 mm hr"^". 
To compare periods of di s t u r b e d and q u i e t p r e c i p i t a t i o n , 
the frequency o f sign r e v e r s a l s of p o t e n t i a l gradient and 
p r e c i p i t a t i o n c u r r e n t are p l o t t e d against r a t e of r a i n f a l l 
i n Figs. 9 * 2 and 9 « 3 . Periods are classed as qu i e t from 
the c r i t e r i a , given p r e v i o u s l y i n Sect. 2 . 5 . 3 , and a l l others 
are considered t o be d i s t u r b e d . There i s a c l e a r t r a n s i t i o n 
from q u i e t t o d i s t u r b e d p r e c i p i t a t i o n f o r a mean r a t e of 
r a i n f a l l o f about 1 . 0 mm hr * and a frequency of s i g n r e v e r s a l s 
of about 2 . 0 hr""*" f o r both the p o t e n t i a l g r a d i e n t and the 
p r e c i p i t a t i o n c u r r e n t . V 
9 . 2 . 2 The d i s t i n c t i o n between q u i e t and di s t u r b e d 
p r e c i p i t a t i o n 
The prominence of the t r a n s i t i o n from q u i e t t o d i s t u r b e d 
p r e c i p i t a t i o n suggests t h a t the frequency of s i g n reversals 
of e i t h e r the p o t e n t i a l gradient or the p r e c i p i t a t i o n c u r r e n t 
could be used t o d i s t i n g u i s h the two types of p r e c i p i t a t i o n , 
t h i s q u a n t i t y having the advantage of being r e a d i l y o b t a i n -
able from ch a r t records. Figs. 9 * 2 and 9 - 3 suggest a 
value of 2 . 0 hr""^ as the t r a n s i t i o n p o i n t , although there 
i s some overlap between the two types of p r e c i p i t a t i o n . 
This value can be compared w i t h t h a t o f 1<,5 hr**^ given by 
REITER ( 1 9 6 5 ) as the maximum frequency of p o t e n t i a l gradient 
sign r e v e r s a l s i n a stable 5OO - 7 0 0 nib l a y e r of the atuios-
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phere (see Sect. 2 . 2 . 1 ) . I f , as according t o R e i t e r , 
t h i s frequency r e f l e c t s the t r a n s i t i o n i n the cloud from 
s t a b l e t o unstable c o n d i t i o n s , i t v.-ould appear t h a t d i s t u r b e d 
p r e c i p i t a t i o n i s associated. wi t h unstable c o n d i t i o n s w i t h i n 
the c l o u d , when the degree of atmospheric turbulence i s 
much gr e a t e r . C e r t a i n l y , wind p r o f i l e s d u r i n g periods 
of d i s t u r b e d p r e c i p i t a t i o n , such as Fig. 6 . 2 7 , generally 
show much greater wind speeds and wind shear w i t h i n the 
cloud than usual d u r i n g q u i e t p r e c i p i t a t i o n . 
The connection between the mean rat e of r a i n f a l l and 
the degree of e l e c t r i c a l a c t i v i t y i s i n t e r e s t i n g , as a l l 
the periods of d i s t u r b e d p r e c i p i t a t i o n at Durham have a. 
r a t e g r e a t e r than about 0.8 mm hr~" and a l l q u i e t periods 
have a r a t e l e s s than about 1 . 2 mm hr ^ ] indeed the mean 
r a t e of r a i n f a l l could also be used t o d i s t i n g u i s h the two 
types of p r e c i p i t a t i o n . There i s a d e f i n i t e t r e n d f o r the 
e l e c t r i c a l a c t i v i t y t o increase w i t h r a t e of r a i n f a l l , p a r t -
i c u l a r l y when the p r e c i p i t a t i o n c u r r e n t i s considered. 
The sudden t r a n s i t i o n from q u i e t t o d i s t u r b e d p r e c i p -
i t a t i o n a t about 1.0 mm hr""~ r a i n f a l l r a t e could be due 
t o the p o t e n t i a l gradient then reaching values high enough 
t o generate s i g n i f i c a n t p o i n t discharge c u r r e n t s , w i t h 
consequent i o n capture by the f a l l i n g p r e c i p i t a t i o n . While 
t h i s would e x p l a i n the sudden t r a n s i t i o n , c l e a r l y meteoro-
l o g i c a l f a c t o r s are also involved i n the l i g h t of R e i t e r s ' 
conclusions as t o the degree of atmospheric s t a b i l i t y d u r i n g 
the two types o f p r e c i p i t a t i o n . 
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9.2.3 C r i t e r i a f o r q u i e t p r e c i p i t a t i o n 
I n view of the above conclusions, the f o l l o w i n g 
c r i t e r i a f o r c l a s s i f y i n g steady p r e c i p i t a t i o n as q u i e t are 
proposed: 
( i ) The p o t e n t i a l gradient does not exceed 1500 Vm-"^  
i n magnitude f o r a s i g n i f i c a n t period of the 
record (say more than 10% of i t s d u r a t i o n ) , 
( i i ) The frequency of sig n r e v e r s a l s of p o t e n t i a l 
g r a d i ent or p r e c i p i t a t i o n c u r r e n t does not exceed 
about 2.0 hr when averaged over the re c o r d , 
( i i i ) The mean r a t e of r a i n f a l l d u r i n g the record does 
not exceed about 1.0 mm hr""^. _^ 
( i v ) To exclude showers and other short periods of 
r a i n , and t o provide a s u f f i c i e n t l y long averaging 
time f o r c o n d i t i o n s ( i i ) and ( i i i ) , the d u r a t i o n 
of the p r e c i p i t a t i o n period i s at l e a s t 2 hours. 
The - conditions ( i i ) and ( i i i ) are more or less e q u i v a l e n t , 
and i f more record's had been considered and the mean r a t e s 
of r a i n f a l l known w i t h more accuracy, i t might have been 
possible t o give more precise values t o the t r a n s i t i o n p o i n t s . 
I n many cases c o n d i t i o n s ( i i ) and ( i v ) alone w i l l be 
s u f f i c i e n t ; had they been used i n the present work, condi-
t i o n ( i ) would nearly always have been s a t i s f i e d . 
There w i l l always be some periods, of course, which 
f o r various reasons are d i f f i c u l t t o c l a s s i f y . I n 
p a r t i c u l a r there w i l l be periods which are p a r t l y q u i e t and 
p a r t l y d i s t u r b e d , i n which case i t i s probably b e t t e r t o 
consider them as di s t u r b e d , unless the d i f f e r e n t p a r t s of 
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the record can be e a s i l y d i s t i n g u i s h e d . Periods of 
snow may prove d i f f i c u l t t o c l a s s i f y as there i s evidence 
t h a t , i n even a moderate wind, blowing snow may become 
considerably charged, possibly due t o c o l l i s i o n of the 
snowflakes. Such periods are characterised by high poten-
t i a l g r adients although the p r e c i p i t a t i o n r a t e i s low. 
Such a period was observed at Durham on 18 January 1972, 
when l i g h t s n o w f a l l i n a b l u s t e r y wind r e s u l t e d i n a 
negative p o t e n t i a l gradient o f t e n greater than the - 1500 
Vm""*" l i m i t f o r q u i e t p r e c i p i t a t i o n * 
9. 3 Further work of R e i t e r 
Since Chapter 8 was w r i t t e n , a recent paper'of 
REITER (1972) has come t o the authors' a t t e n t i o n . I n 
t h i s paper are quoted more r e s u l t s of e l e c t r i c a l measure-
ments d u r i n g q u i e t p r e c i p i t a t i o n , based on e i g h t years of 
observations at the same mountain s t a t i o n s as described 
p r e v i o u s l y * Reiter also b r i e f l y discusses possible charg-
ing processes which could account f o r the observed e l e c t r i c a l 
behaviour. 
9•3•1 The e l e c t r i c a l observations 
R e i t e r again f i n d s the inverse r e l a t i o n and m i r r o r -
image e f f e c t t o be prominent d u r i n g q u i e t p r e c i p i t a t i o n , 
as w e l l as the r e v e r s a l of p r e c i p i t a t i o n charge on the 
m e l t i n g of snow t o r a i n . The r e l a t i o n s h i p between the 
p r e c i p i t a t i o n c u r r e n t and p o t e n t i a l g r a d i e n t i s found t o 
be l i t t l e a f f e c t e d by a l t i t u d e or p r e c i p i t a t i o n r a t e , although 
the p r e c i p i t a t i o n c u r r e n t density shows a. tendency t o increase 
-. - - I 
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w i t h r a t e of r a i n f a l l * , This l a t t e r f i n d i n g was suggested 
i n the present work (see Fig. 8.1) although a more prominent 
r e l a t i o n s h i p was found between p o t e n t i a l g r a d i e n t and 
p r e c i p i t a t i o n r a t e . 
9.3*2 Charge separation processes 
The r e l a t i o n s h i p between p o t e n t i a l gradient and 
p r e c i p i t a t i o n c u r r e n t density i s considered by Reit e r t o 
be best explained by a charge s e p a r a t i o n process a c t i n g 
d u r i n g the f a l l of the p r e c i p i t a t i o n , r a t h e r than by an 
ion-capture process whereby the- f a l l i n g p r e c i p i t a t i o n 
captures point-discharge ions of opposite charge. The 
main evidence against the ion-capture theory i s : 
( i ) The charge per u n i t volume brought down by 
p r e c i p i t a t i o n i s i n c o n s i s t e n t w i t h values l i k e l y 
from ion-capture, 
( i i ) The p o t e n t i a l g r a d i e n t must be s u f f i c i e n t l y high 
immediately before a period of p r e c i p i t a t i o n f o r 
the ion-capture process t o operate at the s t a r t 
of p r e c i p i t a t i o n , or else the inverse r e l a t i o n 
would not immediately apply. An i n i t i a l l y high 
p o t e n t i a l g r a d i e n t i s not u s u a l l y seen i n R e i t e r s ' 
observations (or i n those of the present work). 
R e i t e r concludes t h a t the charge separation process 
consists of the separation of oppositely charged, minute 
snow p a r t i c l e s or r a i n d r o p l e t s d u r i n g the f a l l of p r e c i p -
i t a t i o n . This r e s u l t s i n n e g a t i v e l y charged snow f a l l i n g 
i n a p o s i t i v e space charge, producing a p o s i t i v e p o t e n t i a l 
gradient at the ground. A s i m i l a r s i t u a t i o n would apply 
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d u r i n g r a i n , but w i t h the signs reversed. Two features 
of q u i e t p r e c i p i t a t i o n are quoted as p a r t i c u l a r l y support-
i n g t h i s view: 
( i ) Just before p r e c i p i t a t i o n reaches the ground, 
the p o t e n t i a l gradient o f t e n becomes ( i n the 
case of snow) negative, r e t u r n i n g t o p o s i t i v e 
when the snow a r r i v e s . This could be due t o 
the e f f e c t of the negative charge of the f a l l i n g 
snow nearest t o the ground, which i s subsequently 
replaced by the e f f e c t of the p o s i t i v e space charge 
of the small i ce p a r t i c l e s wh en the snow has reached 
the ground.• 
( i i ) A f t e r p r e c i p i t a t i o n has ceased, the p o t e n t i a l 
g r a d i e n t takes about 15 t o 3 0 minutes t o recover 
t o i t s normal, f a i r - w e a t h e r value, which could 
be due t o the time taken f o r the minute snow 
p a r t i c l e s (or r a i n d r o p l e t s ) t o disperse or t o 
be d i s s i p a t e d by conduction*. 
This explanation of the o r i g i n of the e l e c t r i c a l behaviour 
d i f f e r s from t h a t proposed by Chalmers i n one important 
aspect: R e i t e r locates the charging i n the f a l l i n g p r e c i p -
i t a t i o n , w h i l e Chalmers locates i t w i t h i n the cloud. Both 
agree i n cons i d e r i n g a second charging process t o be assoc-
i a t e d w i t h the melt i n g of snow t o r a i n . 
One fea t u r e of the e l e c t r i c a l behaviour which n e i t h e r 
theory adequately explains i s why the time l a g of the 
mirror-image e f f e c t i s d i f f e r e n t d u r i n g snow, when the 
p r e c i p i t a t i o n c u r r e n t leads, from t h a t d u r i n g r a i n , when 
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t he p o t e n t i a l g r a d i e n t l eads* W h i l e R e i t e r does n o t 
c o n s i d e r t i m e l a g s , i t seems r e a s o n a b l e t o expec t t h e 
p r e c i p i t a t i o n c u r r e n t t o l e a d i n a s t a t i o n a r y , d e v e l o p i n g 
c l o u d s i t u a t i o n , s i n c e t h e space charge g e n e r a t e d by t h e 
f a l l i n g p r e c i p i t a t i o n w i l l 'need some t i m e t o b u i l d up 
f o l l o w i n g an i n c r e a s e i n p r e c i p i t a t i o n c u r r e n t . . I n t h e 
m o v i n g , q u a s i - s t a t i c c l o u d s i t u a t i o n , however , t i m e l a g s 
w o u l d p resumably be c o n t r o l l e d by t h e Same p rocesses as 
i n t h e Cha lmers ' t h e o r y , i . e . w i n d s h e a r . 
I t i s d i f f i c u l t t o d e c i d e w h i c h t h e o r y o f f e r s a. 
b e t t e r e x p l a n a t i o n o f q u i e t p r e c i p i t a t i o n e l e c t r i f i c a t i o n . 
Cha lmer s ' t h e o r y o f f e r s a r e a s o n a b l e e x p l a n a t i o n o f t h e 
e l e c t r i c a l b e h a v i o u r , and e x p e r i m e n t a l work o f I m y s n i t o v 
and Chubar ina has been quo ted a.3 s u p p o r t i n g t he v i e w o f 
c h a r g i n g l o c a t e d p r i m a r i l y w i t h i n t h e c l o u d . R e i t e r ' s 
t h e o r y may s t i l l o f f e r an e x p l a n a t i o n o f t h e b e h a v i o u r o f 
snow, s i n c e t h e r e i s c o n s i d e r a b l e ev idence f o r c h a r g i n g 
e f f e c t s a s s o c i a t e d w i t h t he c o l l i s i o n and b reak up o f 
snow p a r t i c l e s (see Chapte r l ) . 
9 . 3 . 3 A tmospher i c t u r b u l e n c e and t h e degree o f e l e c t r i c a l 
a c t i v i t y 
R e i t e r a l s o e l a b o r a t e s h i s p r e v i o u s c o n c l u s i o n s on 
t h i s s u b j e c t and expresses t h e f r e q u e n c y o f s i g n r e v e r s a l s 
o f t he p o t e n t i a l g r a d i e n t as a f u n c t i o n o f t h e " v e r t i c a l 
exchange c o e f f i c i e n t " i n t h e c l o u d l a y e r be tween 1.8 km 
and 3»0 km a l t i t u d e . T h i s c o e f f i c i e n t r e p r e s e n t s t h e 
degree o f t u r b u l e n c e i n t h i s l a y e r s and h i s summary o f 
r e s u l t s i s g i v e n i n F i g . 0.4.„ The t r a n s i t i o n f r o m s t a b l e 
RG. 9 .4 Frequency of potential gradient sign reversals 
Fp against the vertical exchange coefficient A . 
From REITER (1972) 
F r o m m e a s u r e m e n t s at 
7 4 0 m . a l t i t u d e 
t"urt>uleril" / ^ 
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t o u n s t a b l e s t r a t i f i c a t i o n i s a g a i n g i v e n a t about 1*5 
r e v e r s a l s pe r h o u r , w i t h r a t e s o f U,0 and above r e p r e s e n t -
i n g e x t r e m e l y t u r b u l e n t c o n d i t i o n s . These r e s u l t s a re in ter -
e s t i n g '"•.» as t hey sugges t t h a t i t i s p o s s i b l e t o draw 
c o n c l u s i o n s about t h e w e a t h e r c ond i t i o n s , since, heavy r a i n 
o r even t h u n d e r s t o r m s may be l i k e l y i f t h e f r e q u e n c y o f 
s i g n r e v e r s a l s i s h i g h . C o n v e r s e l y , a low f r e q u e n c y ( o r 
absence) o f s i g n r e v e r s a l s i n d i c a t e s s t a b l e c l o u d c o n d i t i o n s 
and heavy p r e c i p i t a t i o n t o be u n l i k e l y . . 
These c o n c l u s i o n s have b e e n s e e n t o be s u p p o r t e d by 
t h e o b s e r v a t i o n s a t Durham, excep t t h a t a t r a n s i t i o n 
f r e q u e n c y o f 2 s i g n r e v e r s a l s pe r hour i s more a p p r o p r i a t e . 
T h i s may be due t o the d i f f e r e n t t y p e o f s i t e a t Durham 
f r o m t h e m o u n t a i n s t a t i o n s where R e i t e r made h i s o b s e r v a -
t i o n s * The i n c r e a s e i n t h e f r e q u e n c y o f s i g n r e v e r s a l s o f 
b o t h p o t e n t i a l g r a d i e n t and p r e c i p i t a t i o n c u r r e n t w i t h 
p r e c i p i t a t i o n r a t e found a t Durham (see F i g s . 9«2 and 9»3) 
was n o t f o u n d by R e i t e r , a l t h o u g h he i n c l u d e d shower 
o b s e r v a t i o n s when t h e f r e q u e n c y w i l l o f t e n be h i g h and 
d i f f i c u l t to. . .assess. The c l e a r e r r e l a t i o n s h i p f o u n d a t 
Durham between t h e s t a n d a r d d e v i a t i o n (and hence v a r i a n c e ) 
o f t h e e l e c t r i c a l q u a n t i t i e s and t h e r a t e o f r a i n f a l l 
sugges t s t h a t t h e f r e q u e n c y o f s i g n r e v e r s a l s i s i n f a c t 
an a p p r o x i m a t e e x p r e s s i o n o f t h e degree o f v a r i a t i o n o f 
t h e e l e c t r i c a l q u a n t i t i e s , w h i c h i s b e t t e r expressed by t h e 
s t a n d a r d d e v i a t i o n o r v a r i a n c e . 
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CHAPTSR 10 
Gene ra l C o n c l u s i o n s and Recommendations 
f o r F u r t h e r V/ork 
1 0 . 1 The o u i e t p r e c i p i t a t i o n r e s u l t s 
O b s e r v a t i o n o f n e a r l y a l l p e r i o d s o f q u i e t p r e c i p i t a t i o n 
.-it Durham between January and June 1972 show t h a t b o t h t h e 
i n v e r s e r e l a t i o n and m i r r o r - i m a g e e f f e c t a r e u s u a l l y p r e s e n t , 
and d u r i n g such p e r i o d s of r a i n t h e p r e c i p i t a t i o n c u r r e n t i s 
' p o s i t i v e and t h e p o t e n t i a l g r a d i e n t n e g a t i v e , w h i l e d u r i n g snow 
these s i g n s are r e v e r s e d . W h i l e t he snow r e s u l t s a re based on 
o n l y two l o n g p e r i o d s o f snow, t h e y agree w i t h t h e o b s e r v a t i o n s 
o f e a r l i e r w o r k e r s such as REITER (1965 , 1968) and MAGONO and 
OR IK ASA ( 1 9 6 6 ) . 
The e l e c t r i c a l p r o p e r t i e s o f q u i e t p r e c i p i t a t i o n have been 
s p e c i f i e d i n t h i s work b y : 
( i ) The mean v a l u e s o f p o t e n t i a l g r a d i e n t and p r e c i p i t a t i o n 
c u r r e n t d e n s i t y d u r i n g t h e p e r i o d o f p r e c i p i t a t i o n . 
I f t h e se are o f o p p o s i t e s i g n t h e n the i n v e r s e r e l a t i o n 
a p p l i e s . 
( i i ) The c r o s s - c o r r e l a t i o n c o e f f i c i e n t be tween t h e p o t e n t i a l 
g r a d i e n t and p r e c i p i t a t i o n c u r r e n t . I f t h i s ' i s n e g a t i v e 
and s t a t i s t i c a l l y s i g n i f i c a n t , t h e n t h e m i r r o r - i m a g e 
e f f e c t a p p l i e s . 
( i i i ) The t i m e l a g be tween t h e two e l e c t r i c a l r e c o r d s f o r 
w h i c h t he above c r o s s - c o r r e l a t i o n i s a maximum. 
T h i s t i m e l a g w i l l be o f t h e o r d e r o f a f e w minute3, 
w i t h t h e p o t e n t i a l g r a d i e n t l e a d i n g d u r i n g r a i n , and 
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t h e p r e c i p i t a t i o n c u r r e n t d u r i n g snow. 
I t i s c o n s i d e r e d t h a t t h i s method o f s t a t i s t i c a l l y e x p r e s s -
i n g the e l e c t r i c a l p r o p e r t i e s o f q u i e t p r e c i p i t a t i o n c o r r e s p o n d s t o 
c l o s e l y t h e methods o f p r e v i o u s w o r k e r s , who e i t h e r by v i s u a l l y 
. examin ing a c h a r t r e c o r d o r by u s i n g g r a p h i c a l methods, d e t e r m i n e d 
w h e t h e r t h e i n v e r s e r e l a t i o n and m i r r o r - i m a g e e f f e c t were p r e s e n t . 
I n a d d i t i o n i t p r o v i d e s a q u a n t i t a t i v e method f o r d e s c r i b i n g t h e 
degree t o w h i c h t h e s e e f f e c t s a r e p r e s e n t d u r i n g a p e r i o d o f 
p r e c i p i t a t i o n . 
I t has a l s o been seen t h a t some p e r i o d s o f q u i e t r a i n show 
d i f f e r e n t e l e c t r i c a l b e h a v i o u r f r o m t h e m a j o r i t y o f p e r i o d s , w i t h 
f o r i n s t a n c e t h e p o t e n t i a l g r a d i e n t and p r e c i p i t a t i o n c u r r e n t 
b o t h b e i n g n e g a t i v e , t h e c r o s s - c o r r e l a t i o n c o e f f i c i e n t b e i n g 
p o s i t i v e , o r t he t i m e l a g b e i n g d i f f e r e n t i n e i t h e r magni tude o r 
d i r e c t i o n . W h i l e such p e r i o d s are l e s s common, t h e y a re c e r t a i n -
l y n o t i s o l a t e d o c c u r r e n c e s , and so any t h e o r y a c c o u n t i n g f o r 
q u i e t p r e c i p i t a t i o n e l e c t r i f i c a t i o n must a l s o be c a p a b l e o f 
e x p l a i n i n g how t h e s e l e s s common p e r i o d s a r i s e . 
10.2 T h e o r i e s o f o u i e t p r e c i p i t a t i o n e l e c t r i f i c a t i o n 
The t h e o r i e s o f Chalmers c o n c e r n i n g q u i e t p r e c i p i t a t i o n 
e l e c t r i f i c a t i o n have been Quoted i n v a r i o u s c h a p t e r s , and some 
t h e o r e t i c a l work based on these t h e o r i e s was p r e s e n t e d i n 
Chap te r 8 t o t e s t h i s c o n c l u s i o n s i n a more q u a n t i t a t i v e manner-. 
To summar i se , Chalmers c o n s i d e r s two main c h a r g i n g p rocesses 
t o accoun t f o r b o t h snow and r a i n e l e c t r i f i c a t i o n . The f i r s t 
p r o c e s s , o p e r a t i n g a t t e m p e r a t u r e s be low 0°C, charges s o l i d 
p r e c i p i t a t i o n n e g a t i v e l y w h i l e a t t h e same t i m e l e a v i n g a 
p o s i t i v e space charge w i t h i n t h e c h a r g i n g r e g i o n . I f t h e f a l l i n g 
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p r e c i p i t a t i o n s u b s e q u e n t l y m e l t s b e f o r e r e a c h i n g t h e g r o u n d , 
a second process changes t h e s i g n o f t he p r e c i p i t a t i o n charge 
t o p o s i t i v e , l e a v i n g b e h i n d a n e g a t i v e charge i n t h i s second 
c h a r g i n g r e g i o n . The most l i k e l y l o c a t i o n o f t h i s second 
process i s w i t h i n t h e m e l t i n g r e g i o n ' and t h e r e i s s t r o n g 
e x p e r i m e n t a l ev idence t h a t t h i s i s s o . 
The t h e o r e t i c a l w o r k i n Chap te r 8 a t t e m p t e d t o f i n d i f 
t h e s e two c h a r g i n g processes can i n d e e d account f o r t h e i n v e r s e 
r e l a t i o n a t t h e g r o u n d , g i v e n t h e observed magni tudes o f p o t e n t -
i a l g r a d i e n t and p r e c i p i t a t i o n c u r r e n t d e n s i t y , t h e l i k e l y 
d i m e n s i o n s o f t h e c l o u d sys tem, and f o r r a i n t y p i c a l h e i g h t s o f 
t h e m e l t i n g l e v e l . Assuming t h a t t h e r e a re no s i g n i f i c a n t h o r -
i z o n t a l v a r i a t i o n s i n t h e c l o u d sys t em (and hence i n t h e degree 
o f e l e c t r i c a l a c t i v i t y ) , t h e n C h a l m e r s ' t h e o r i e s were seen t o 
be q u i t e adequate d u r i n g b o t h r a i n and snow. The most l i k e l y 
l o c a t i o n o f t h e upper c h a r g i n g process was w i t h i n t h e c l o u d up 
t o r o u g h l y t h e -10°C l e v e l , w i t h t he l o w e r process assumed t o 
be a t t h e m e l t i n g r e g i o n . 
C h a l m e r s ' work can a l s o be ex tended t o e x p l a i n t h e m i r r o r -
image e f f e c t and t h e t i m e l a g s between t h e e l e c t r i c a l v a r i a t i o n s . 
I n the case o f a moving c l o u d where t h e e l e c t r i c a l a c t i v i t y i s 
e f f e c t i v e l y c o n s t a n t , h i s p r e d i c t i o n o f a m i r r o r - i m a g e e f f e c t 
w i t h the p o t e n t i a l g r a d i e n t l e a d i n g i s b o r n e o u t by t h e o b s e r v -
a t i o n s a t Durham. A l s o , i t has p r o v e d p o s s i b l e t o c a l c u l a t e 
l i k e l y v a l u e s o f t i m e l a g assuming t h a t t h e l a g i s due s o l e l y t o 
wind shear be tween t h e c l o u d and t he ground. The c a l c u l a t e d 
v a l u e s agree s u r p r i s i n g l y w e l l i n d i r e c t i o n and magni tude w i t h 
t h o s e o b s e r v e d , ' f o r c h a r g i n g a g a i n w i t h i n the r e g i o n s o f t h e 
c l o u d up t o about t h e -10°C l e v e l . 
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T h i s l a t t e r r e s u l t s h o u l d perhaps be t r e a t e d w i t h some 
c a u t i o n f o r s e v e r a l r e a s o n s : 
( i ) The wind p r o f i l e s used t o c a l c u l a t e t h e w i n d s h e a r , 
and hence t i m e l a g , were . f r o m s t a t i o n s a c o n s i d e r a b l e 
d i s t a n c e f r o m Durham (up t o 150 km) where c o n d i t i o n s 
c o u l d have been s i g n i f i c a n t l y d i f f e r e n t . . _ A l s o , 
c o n d i t i o n s w i l l have changed w i t h t i m e , p a r t i c u l a r l y 
f o r t h e l o n g e r r e c o r d s o 
( i i ) The b e h a v i o u r o f f a l l i n g p r e c i p i t a t i o n i s u n c e r t a i n , 
and i s u n l i k e l y t o be c o n t r o l l e d e n t i r e l y by t h e w i n d . 
D u r i n g snow, when t h i s a s sumpt ion i s most l i k e l y t o 
be t r u e , t h e a c t u a l t i m e l a g s were o f o p p o s i t e d i r e c t i o n 
t o those c a l c u l a t e d , 
( i i i ) The c a l c u l a t i o n o f t i m e l a g s d u r i n g r a i n i n e f f e c t 
assumed t h a t m e l t i n g e l e c t r i f i c a t i o n r e s u l t e d o n l y i n 
t h e change i n the p r e c i p i t a t i o n charge and p o t e n t i a l 
g r a d i e n t s i g n s : t h e e f f e c t on any t i m e l a g i m m e d i a t e l y 
. b e f o r e t h i s c h a r g i n g p rocess was c o n s i d e r e d t o be 
n e g l i g i b l e . . N e v e r t h e l e s s t h e magn i tude o f t he t i m e 
l a g s obse rved a t t h e g round was t o o l a r g e t o be e x p l a i n e d 
s o l e l y by w i n d shear between t h e m e l t i n g l e v e l and the 
g r o u n d , s u g g e s t i n g t h a t t h e i n i t i a l c h a r g i n g was a t a 
h i g h e r l e v e l . 
More s u p p o r t f o r C h a l m e r s ' t h e o r y i s , however , g i v e n by t h e 
b e h a v i o u r o f a f ew o f t he p r e c i o i t a t i o n p e r i o d s where c o n d i t i o n s 
were p a r t i c u l a r l y a u i e t b o t h m e t e o r o l o g i c a l l y and e l e c t r i c a l l y , 
and where t h e p r e c i p i t a t i o n c u r r e n t was l e a d i n g t h e p o t e n t i a l 
g r a d i e n t . Wind p r o f i l e s showed t h e c l o u d sys tem t o be p a r t i c u l -
a r l y s l o w - m o v i n g , ' w i t h t h e e l e c t r i c a l s i t u a t i o n b e i n g t h a t 
p r e d i c t e d by Chalmers f o r a s t a t i o n a r y c l o u d where t h e e f f e c t s 
o f e l e c t r i c a l deve lopment are p r e d o m i n a n t . D i f f e r e n t b e h a v i o u r 
o f t he t i m e l a g m i g h t a l s o be e x p e c t e d , a s on these o c c a s i o n s 
t h e r e was l i t t l e o r no w i n d s h e a r . 
One f e a t u r e o f q u i e t p r e c i p i t a t i o n w h i c h Cha lmers ' t h e o r y 
does n o t e x p l a i n i s t h e e l e c t r i c a l b e h a v i o u r o f snow, when t h e 
p r e c i p i t a t i o n c u r r e n t leads t h e p o t e n t i a l g r a d i e n t . The 
s i t u a t i o n i s c e r t a i n l y n o t t h a t o f a s t a t i o n a r y , d e v e l o p i n g 
c l o u d , and e v i d e n t l y some o t h e r e x p l a n a t i o n i s needed i n t h i s 
ca se . 
I n Chap te r 9 some s u g g e s t i o n s o f R e i t e r as t o p o s s i b l e 
c h a r g i n g p rocesses were n o t e d , whereby he proposed c h a r g i n g t o 
be due t o t h e b r e a k i n g o f f o f m i n u t e r a i n d r o p l e t s or snow p a r t i c l e 
f r o m the f a l l i n g p r e c i p i t a t i o n . I f t hese d r o p l e t s or p a r t i c l e s 
c a r r i e d an o p p o s i t e charge t o t h e p r e c i p i t a t i o n t h e n an i n v e r s e 
r e l a t i o n w o u l d a r i s e . R e i t e r does n o t c o n s i d e r p o s s i b l e t i m e 
l ags i n t h e m i r r o r - i m a g e e f f e c t , and so i n t h i s r e s p e c t i t i s 
d i f f i c u l t t o compare t h i s t h e o r y d i r e c t l y w i t h t h a t o f Cha lmer s . 
The b r e a k i n g process d u r i n g s n o w f a l l seems more possible as 
s t r o n g e l e c t r i f i c a t i o n o f snow i n h i g h w i n d s , due t o t h e c o l l i s i o n 
o f snow f l a k e s o r i c e p a r t i c l e s , has been o b s e r v e d . Such a 
p rocess d u r i n g r a i n seems l e s s l i k e l y , w i t h t h e r e s u l t s o f 
SMITH (1955) b e i n g ment ioned i n Chap te r 2 , w h i c h showed t h a t 
even t h e impac t o f r a i n d rops on t h e g r o u n d d u r i n g q u i e t p r e c i p -
i t a t i o n d i d n o t produce s i g n i f i c a n t e l e c t r i f i c a t i o n . R e i t e r ' s 
t h e o r y may o f f e r an e x p l a n a t i o n o f t h e e l e c t r i c a l b e h a v i o u r o f 
s n o w , t h e r e f o r e f and c o u l d be w o r t h c o n s i d e r i n g i n any f u t u r e 
i n v e s t i g a t i o n o f t h e s u b j e c t . 
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10o3 P o s s i b l e c h a r g i n g p rocesses 
A number o f c h a r g i n g p rocesses w h i c h c o u l d be r e s p o n s i b l e 
f o r q u i e t p r e c i p i t a t i o n e l e c t r i f i c a t i o n were o u t l i n e d i n 
Chap te r 1, and t he se w i l l now be r e c o n s i d e r e d " i n t h e l i g h t o f 
t h e r e s u l t s o f t h e p r e s e n t work* 
Charge s e p a r a t i o n on m e l t i n g i s a l m o s t c e r t a i n l y t h e 
e x p l a n a t i o n o f t h e r e v e r s a l o f cha rge be tween snow and r a i n , 
and an e s t i m a t e o f t h e l i k e l y magni tude o f t h i s p rocess can be 
o b t a i n e d f r o m Tab l e 7*4> w h i c h l i s t s t h e average v a l u e s o f 
p r e c i p i t a t i o n charge p e r u n i t mass f o r t h e p e r i o d s o f p r e c i p i t a -
t i o n a t Durham* W h i l e i n d i v i d u a l v a l u e s v a r y w i d e l y , a f i g u r e 
o f -s- 20 pC gm ^ i s t y p i c a l f o r r a i n , w i t h t h e two snow p e r i o d s 
h a v i n g v a l u e s o f - 17 and - 31 pC gm""^« These f i g u r e s sugges t 
about Z+.0 pC gm~^ as t h e cha rge s e p a r a t i o n on m e l t i n g : however , 
a l l o w i n g f o r t h e c o l l e c t i o n e f f i c i e n c y o f t h e p r e c i p i t a t i o n 
c o l l e c t o r ( i t has been e s t i m a t e d a t a b o u t 50%), a f i g u r e c l o s e r 
t o 80 o r 100 pC g m - 1 m i g h t be" more a p p r o p r i a t e . 
Measurements o f t h e charge s e p a r a t i o n d u r i n g m e l t i n g have 
been made by s e v e r a l w o r k e r s . The e a r l i e s t i n v e s t i g a t i o n , 
t h a t o f DINGER and GUNN (1%6) S f o u n d a cha rge s e p a r a t i o n i n 
i c e samples o f abou t 1 e . s . u . gm ( j u s t o v e r 300 pC gm ) , b u t 
. . . later work showed the e x p e r i m e n t a l c o n d i t i o n s t o be u n r e a l i s t i c . 
More r e c e n t l y , i c e samples m e l t e d i n a c o n t r o l l e d a i r s t r e a m 
have been f o u n d t o p roduce cha rge o f a round 100 pC grif^ by 
KIKUCHI (1965) and ove r 300 pC g m " 1 by DRAKE (1963). The 
charge s e p a r a t i o n was f o u n d , however , t o be v e r y dependent on 
such f a c t o r s as i m p u r i t y c o n c e n t r a t i o n s and a i r bubb le s t r u c t u r e . 
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The amounts o f charge s e p a r a t e d are n e v e r t h e l e s s s u f f i c i e n t l y -
c l o s e t o t h o s e sugges t ed by t h e q u i e t p r e c i p i t a t i o n o b s e r v a t i o n s 
t o enab le charge s e p a r a t i o n i n m e l t i n g snow t o accoun t f o r t h e 
charge r e v e r s a l between snow and r a i n . 
The c h a r g i n g p r o c e s s a c t i n g on s o l i d p r e c i p i t a t i o n i s s t i l l 
u n c e r t a i n , b u t s e v e r a l c l u e s as t o i t s b e h a v i o u r a re a v a i l a b l e 
f r o m t h e q u i e t p r e c i p i t a t i o n r e s u l t s . Again assuming 5Qf( 
c o l l e c t o r e f f i c i e n c y , a charge p e r u n i t mass o f a round 40 pC gm~ 
i s s u g g e s t e d . I t s most l i k e l y l o c a t i o n has been seen t o be i n 
t h e c l o u d between the 0°C l e v e l and a p p r o x i m a t e l y t h e ~ 10°C 
l e v e l . T h i s i s t h e r e g i o n where b o t h i c e and s u p e r c o o l e d water 1 
d r o p l e t s are most l i k e l y t o c o e x i s t , w i t h t h e B e r g e r o n p roces s 
(see Sec. 2 .1 .7) b e i n g t h e l i k e l y o r i g i n o f t h e p r e c i p i t a t i o n . 
The c h a r g i n g p rocess i s a l s o a p p a r e n t l y a f f e c t e d by t h e degree 
o f a t m o s p h e r i c s t a b i l i t y and hence t u r b u l e n c e i n t h e c l o u d 
r e g i o n , and so m e c h a n i c a l e f f e c t s may be i n v o l v e d . 
These f a c t o r s sugges t i c e i m p a c t p rocesses (as p roposed by 
CHALMERS, 196?) o r , s i n c e s u p e r c o o l e d w a t e r d r o p l e t s are a l m o s t 
c e r t a i n l y p r e s e n t , r i m i n g p r o c e s s e s . LATHAM and MASON (1961) 
have shown t h a t a h a i l p e l l e t can become n e g a t i v e l y cha rged by 
t h e i m p a c t i o n and f r e e z i n g o f l a r g e s u p e r c o o l e d c l o u d d r o p l e t s , 
b u t these c o n d i t i o n s a re more r e l e v a n t t o shower or t h u n d e r 
c l o u d s t h a n t o o u i e t p r e c i p i t a t i o n c l o u d s . C h a r g i n g was f o u n d 
t o be g r e a t e s t i n t h e - 6 °C t o - 17°C r e g i o n , moreove r , w h i c h 
i s somewhat h i g h e r t h a n t he r e g i o n f o r q u i e t p r e c i p i t a t i o n c h a r g 
i n g sugges ted above . There a re o t h e r p o s s i b l e t h e o r i e s , f o r 
i n s t a n c e t h a t o f WORKMAN and REYNOLDS (1950), concerned w i t h 
cha rge s e p a r a t i o n a t an i c e - l i q u i d i n t e r f a c e d u r i n g f r e e z i n g , 
a l t h o u g h l a t e r w o r k e r s have doub ted i t s e f f e c t i v e n e s s . 
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The p r o b l e m o f snow c h a r g i n g has been i n v e s t i g a t e d by 
MAGONO and ORIKASA ( 1 9 6 6 ) , who sugges ted t h a t , i n t h e q u i e t e s t 
s n o w f a l l , W i l s o n ' s i n d u c t i o n mechanism was r e s p o n s i b l e f o r , 
c h a r g i n g . T h i s seems u n l i k e l y , however , s i n c e i t does n o t 
e x p l a i n why t h e p r e c i p i t a t i o n c u r r e n t l e ads t h e p o t e n t i a l g r a d i e n t 
d u r i n g q u i e t snow. More i m p o r t a n t l y , t h e y f o u n d t h a t p r e d o m i n -
a n t l y n o n - r i m e d c r y s t a l s f e l l i n t he se p e r i o d s o f snow, w h i c h 
t h u s e x c l u d e s r i m i n g e l e c t r i f i c a t i o n as a c h a r g i n g p r o c e s s . 
I n h e a v i e r s n o w f a l l , f o r example., a t a r a t e o f 1.7 mm h r ~ ^ when 
t h e e l e c t r i c a l r e c o r d was d i s t u r b e d , r i m e d c r y s t a l s were o b s e r v e d , 
b u t o f t e n w i t h a p o s i t i v e c h a r g e . T h i s means t h a t r i m i n g e l e c t -
r i f i c a t i o n may indeed o n l y be e f f e c t i v e i n more showery , u n s t a b l e 
c o n d i t i o n s , as sugges ted above . 
I c e impac t o r f r i c t i o n p rocesses are s t i l l a p o s s i b i l i t y , 
s i n c e a g g r e g a t i o n o f i c e p a r t i c l e s t o f o r m s n o w f l a k e s must o c c u r , 
and Magono and O r i k a s a o f t e n obse rved o c c a s i o n a l p o s i t i v e l y 
charged snow c r y s t a l s i n a s n o w f a l l o f o v e r a l l n e g a t i v e c h a r g e . 
Th i s l a t t e r o b s e r v a t i o n c o u l d be c o n s i s t e n t w i t h random c o l l i s i o n s 
or f r i c t i o n a l e f f e c t s d u r i n g t h e f o r m a t i o n o r f a l l o f t h e snow. 
C l e a r l y t h e p r e c i s e c h a r g i n g mechanism p r o d u c i n g t h e observed 
e l e c t r i c a l p r o p e r t i e s o f q u i e t snow has y e t t o be i d e n t i f i e d , 
a l t h o u g h i t does appear t o be a p roces s w h i c h i s p r e d o m i n a n t 
o n l y i n t h e a u i e t e s t c o n d i t i o n s . 
10•^ The r e l a t i o n s h i p between m e t e o r o l o g i c a l and e l e c t r i c a l 
a c t i v i t y 
The o t h e r i m p o r t a n t c o n c l u s i o n s o f t h i s work c o n c e r n t h e 
c o n n e c t i o n between the m e t e o r o l o g i c a l yi id e l e c t r i c a l c o n d i t i o n s 
d u r i n g s t e a d y p r e c i p i t a t i o n . Vv'hile t h e r e i s some e v i d e n c e f o r 
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an i n c r e a s e o f p o t e n t i a l g r a d i e n t and p r e c i p i t a t i o n c u r r e n t 
d e n s i t y w i t h r a t e o f r a i n f a l l d u r i n g q u i e t p r e c i p i t a t i o n , t h e 
c l e a r e r r e l a t i o n s h i p i s between t h e degree o f e l e c t r i c a l a c t i v i t y 
(as e x p r e s s e d f o r i n s t a n c e , b y the s t a n d a r d d e v i a t i o n o f t h e 
e l e c t r i c a l q u a n t i t i e s ) and t h e r a t e o f r a i n f a l l . - E v e n t u a l l y 
t h i s a c t i v i t y becomes so g r e a t t h a t t h e p r e c i p i t a t i o n becomes 
d i s t u r b e d , w i t h t h e e l e c t r i c a l b e h a v i o u r b e i n g c o m p l e t e l y d i f f e r -
en t f r o m t h a t d u r i n g q u i e t p r e c i p i t a t i o n , s i m i l a r i n f a c t t o 
t h a t d u r i n g showery p r e c i p i t a t i o n . T h i s t r a n s i t i o n f r o m q u i e t 
t o d i s t u r b e d p r e c i p i t a t i o n has been seen t o be q u i t e d e f i n i t e , 
w i t h a r a t e o f r a i n f a l l o f 1 . 0 mm hr~^ and a f r e q u e n c y o f 
e l e c t r i c a l s i g n r e v e r s a l s o f 2 h r ~ ^ b e i n g sugges ted as t h e t r a n -
s i t i o n p o i n t be tween t h e t w o t y p e s o f p r e c i p i t a t i o n . 
S ince showery p r e c i p i t a t i o n r e s u l t s f r o m p r e d o m i n a n t l y 
c o n v e c t i v e a c t i v i t y w i t h i n t h e c l o u d , i t c o u l d w e l l be t h a t t h i s 
t r a n s i t i o n f r o m q u i e t t o d i s t u r b e d p r e c i p i t a t i o n r e f l e c t s t h e 
t r a n s i t i o n f r o m s t a b l e t o u n s t a b l e , c o n v e c t i v e , c o n d i t i o n s w h i t h i n 
t h e c l o u d . T h i s p r o p o s i t i o n i s i n e f f e c t made by REITER (I965, . 
1968), whose r e s u l t s c o n c e r n i n g the r e l a t i o n s h i p between t h e 
degree o f s t a b i l i t y i n t he 500 - 700 mb a t m o s p h e r i c l a y e r and 
t h e r a t e o f e l e c t r i c a l s i g n r e v e r s a l s have been d i s c u s s e d i n 
Chapters "2 and 9° The s i m i l a r i t y between the v a l u e s o f 2 h r 
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f r o m the p r e s e n t work and 1.5 h r f r o m R e i t e r f o r t h e f r e q u e n c y 
o f e l e c t r i c a l s i g n r e v e r s a l s j u s t r e f l e c t i n g i n s t a b i l i t y s u p p o r t s 
t h i s v i e w . T h i s f e a t u r e o f p r e c i p i t a t i o n a l s o s u g g e s t s t h a t 
t he e l e c t r i c a l b e h a v i o u r a t t h e ground i s c o n t r o l l e d m a i n l y by 
c o n d i t i o n s w i t h i n t h e c l o u d , r a t h e r t h a n by p u r e l y l o c a l e f f e c t s 
such as d r o p s p l a s h i n g or by t h e s u r f n e e w i n d . However, i n 
v e r y heavy r a i n or h i g h p o t e n t i a l g r a d i e n t s , d r o p s p l a s h i n g a t 
t h e ground and p o i n t d i s c h a r g e c u r r e n t s m i g h t t h e n have a 
s i g n i f i c a n t e f f e c t on t h e e l e c t r i c a l c o n d i t i o n s . 
These c o n c l u s i o n s r a i s e t h e p o s s i b i l i t y o f u s i n g e l e c t r i c a l 
measurements a t t h e g r o u n d , i n p a r t i c u l a r o f p o t e n t i a l g r a d i e n t , 
f o r i n v e s t i g a t i n g c o n d i t i o n s w i t h i n t h e c l o u d , f o r i n s t a n c e i n 
d e t e c t i n g c o n v e c t i v e or u n s t a b l e c o n d i t i o n s w h i c h c o u l d l e a d t o 
heavy r a i n o r t h u n d e r . One i n s t a n c e a t Durham was a p e r i o d o f 
heavy d r i z z l e and m i s t w h i c h showed a s u r p r i s i n g degree o f 
e l e c t r i c a l a c t i v i t y more t y p i c a l o f d i s t u r b e d p r e c i p i t a t i o n ; 
s u b s e q u e n t l y t h u n d e r y showers o c c u r r e d w i t h s e v e r a l s h o r t p e r i o d s 
o f t h u n d e r and l i g h t n i n g . 
The c o n n e c t i o n be tween m e t e o r o l o g i c a l and e l e c t r i c a l 
c o n d i t i o n s was a l s o e v i d e n t i n some p e r i o d s o f q u i e t p r e c i p i t a t i o 
when t h e u s u a l i n v e r s e r e l a t i o n or m i r r o r - i m a g e e f f e c t were n o t 
p r e s e n t , A p e r i o d o f heavy d r i z z l e i n F e b r u a r y 1972 a t Durham 
i s one i n s t a n c e , when b o t h t h e p o t e n t i a l g r a d i e n t and p r e c i p i t -
a t i o n c u r r e n t were n e g a t i v e . The d r i z z l e was n o t o r i g i n a t i n g 
i n t h e u s u a l f r o n t a l sys tem, s u g g e s t i n g t h a t coa l e scence p rocesse 
c o u l d be r e s p o n s i b l e f o r i t s f o r m a t i o n ; i n such a case d i f f e r e n t 
e l e c t r i c a l b e h a v i o u r m i g h t v / e l l be e x p e c t e d , s i n c e s o l i d p r e c i p -
i t a t i o n i s n o t t h e n i n v o l v e d . 
10.5 I n s t r u m e n t a t i o n f o r o u i c t p r e c i p i t a t i o n measurements 
Many o f the p rob lems of o p e r a t i n g o u t d o o r equipment f o r 
t h e measurement o f a tmosphe r i c e l e c t r i c a l pa r ame te r s such as 
p o t e n t i a l g r a d i e n t , c o n d u c t i v i t y , space charge d e n s i t y and 
a i r - e a r t h c u r r e n t s have been d i s c u s s e d by p r e v i o u s w o r k e r s a t 
Durham, f o r i n s t a n c e SHARPIE3S (1968) and ASPINALL (1970) . 
Consequen t ly t he se p rob lems w i l l n o t be d i s c u s s e d a t l e n g t h h e r e , 
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w i t h o n l y t h e f o l l o w i n g p o i n t s b e i n g m e n t i o n e d . 
Regu la r i n s p e c t i o n and maintenance o f t h e equipment i s 
c o n s i d e r e d t o be o f most i m p o r t a n c e , p a r t i c u l a r l y f o r i n s t r u m e n t s 
such as t h e ' p r e c i p i t a t i o n - c o l l e c t o r where v e r y h i g h e l e c t r i c a l 
i n s u l a t i o n must be m a i n t a i n e d . When equ ipmen t i s t o be o p e r a t e d 
d u r i n g the w i n t e r months , t h e e f f e c t s o f i c e and f r o s t must be 
c o n s i d e r e d , s i n c e i t i s under t h e s e c o n d i t i o n s t h a t any r e p a i r 
work i s most d i f f i c u l t . For c o n t i n u o u s measurement o f p r e c i p i t -
a t i o n p e r i o d s , equipment such as f i e l d m i l l s i s b e s t r u n c o n t i n u -
o u s l y , so t h a t o n l y r e c o r d i n g equ ipment need be s w i t c h e d on a t 
t h e s t a r t o f t h e p e r i o d o f p r e c i p i t a t i o n . 
The c o n t i n u a l deve lopment o f new e l e c t r o n i c d e v i c e s means 
t h a t new t e c h n i q u e s of. m e a s u r i n g and a m p l i f y i n g t h e l o w c u r r e n t s 
and charges met w i t h " i n a t m o s p h e r i c e l e c t r i c i t y a re now a v a i l a b l e . 
I n p a r t i c u l a r , f u t u r e work c o u l d b e n e f i t f r o m t h e use o f i n t e g r a t e d 
c i r c u i t a m p l i f i e r s , w h i c h r e q u i r e much l e s s power and space t h a n 
c o n v e n t i o n a l c i r c u i t s and are l e s s s e n s i t i v e t o t h e m e c h a n i c a l 
and t h e r m a l p rob lems o f o u t d o o r i n s t r u m e n t a t i o n . A l so l o g a r i t h -
mic d e v i c e s c o u l d be u s e f u l f o r t h e i n v e s t i g a t i o n o f d i f f e r e n t 
s c a l e s o f e l e c t r i c a l b e h a v i o u r , such as i n t h e case of q u i e t and 
d i s t u r b e d p r e c i p i t a t i o n , a*s> a v o i d i n g d u p l i c a t i o n o f i n s t r u m e n t 
o f d i f f e r e n t range o r s e n s i t i v i t y . 
A u t o m a t i c r e c o r d i n g o f t h e p o t e n t i a l g r a d i e n t , p r e c i p i t a t i o n 
c u r r e n t and any o t h e r q u a n t i t i e s i s c o n s i d e r e d e s s e n t i a l i n any 
s y s t e m a t i c s t u d y o f p r e c i p i t a t i o n e l e c t r i c i t y . P e r i o d s o f 
p r e c i p i t a t i o n r a r e l y a r r i v e a t c o n v e n i e n t t i m e s , as can be seen 
f r o m Table 7 * 1 , and even w i t h c a r e f u l e x a m i n a t i o n o f c u r r e n t 
w e a t h e r f o r e c a s t s , p e r i o d s can s t i l l a r r i v e u n e x p e c t e d l y . I f 
a t ape r e c o r d i n g sys tem i s u sed , as i n the p r e s e n t w o r k , some 
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metbod o f a u t o m a t i c s w i t c h i n g such as p e r f o r m e d by t h e r a i n 
s w i t c h p r e v e n t s p r e c i p i t a t i o n p e r i o d s b e i n g missed and m i n i m i s e s 
t h e amount of c h a r t o r t a p e t o be examined . 
The c a l c u l a t i o n o f a u t o c o r r e l a t i o n i n t e r v a l s i n Chapte r 7 
p r o v i d e s some u s e f u l i n f o r m a t i o n c o n c e r n i n g t h e f r e q u e n c y a t 
w h i c h e l e c t r i c a l measurements need t o be made d u r i n g q u i e t 
p r e c i p i t a t i o n p e r i o d s . The s h o r t e s t a u t o c o r r e l a t i o n i n t e r v a l 
was 4 m i n u t e s , w h i l e more u s u a l l y b e i n g 10 t o 15 m i n u t e s , so 
t h a t measurements t a k e n about eve ry 5 m inu t e s w i l l v i s u a l l y be 
more t h a n adeouate t o o b t a i n s t a t i s t i c a l l y s i g n i f i c a n t v a l u e s 
o f such q u a n t i t i e s as means, v a r i a n c e s and c o r r e l a t i o n c o e f f i -
c i e n t s . Only i f t i m e l a g s o f t h e m i r r o r - i m a g e e f f e c t are b e i n g 
c o n s i d e r e d need t h e e l e c t r i c a l q u a n t i t i e s be sampled more f r e q -
u e n t l y : a s a m p l i n g i n t e r v a l o f 30 s , as chosen i n t h e p r e s e n t 
w o r k , w i l l be q u i t e s a t i s f a c t o r y s i n c e most t i m e l a g s were o f the 
o r d e r o f a f ew m i n u t e s . 
An o b v i o u s need i n t h e p r e s e n t work was f o r a b e t t e r method 
o f m e a s u r i n g t h e r a t e o f r a i n f a l l t h a n t he s t a n d a r d r a i n gauge 
a t Durham O b s e r v a t o r y , w h i c h had a r e s o l u t i o n o f 0.04j.n(ebout 1 mm). 
Some work was done i n d e s i g n i n g such an i n s t r u m e n t , w h i c h coun t ed 
e l e c t r o n i c a l l y t he i n d i v i d u a l r a i n d rops f a l l i n g f r o m a l a r g e 
f u n n e l . U n f o r t u n a t e l y t i m e p r e c l u d e d c o m p l e t i o n o f t h e 
i n s t r u m e n t , t h e main p r o b l e m b e i n g the d e t e r m i n a t i o n o f t h e 
opt imum s i z e o f f u n n e l f o r t h e r a n g e o f r a i n f a l l r a t e b e i n g 
m e a s u r e d « 
10.6 Recmmend.at inns f o r f u r t h e r work 
The p r e s e n t work has c l a r i f i e d t h e e l e c t r i c a l p r o p e r t i e s o f 
a u i e t p r e c i p i t a t i o n end. sugges ted a d e f i n i t e t r a n s i t i o n p o i n t 
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i n t e rms o f e i t h e r e l e c t r i c a l a c t i v i t y or r a t e o f r a i n f a l l above 
w h i c h t he p r e c i p i t a t i o n becomes d i s t u r b e d . The most common 
t y p e o f e l e c t r i c a l b e h a v i o u r o f q u i e t p r e c i p i t a t i o n , when b o t h 
t h e i n v e r s e r e l a t i o n and m i r r o r - i m a g e e f f e c t i s p r e s e n t , has 
been e s t a b l i s h e d , and so f u t u r e wo rk m i g h t c o n s i d e r t h e l e s s 
common b e h a v i o u r o f c e r t a i n p e r i o d s , and t h e o r i g i n o f these 
d i f f e r e n c e s . 
E x p l a n a t i o n o f t h e u s u a l i n v e r s e r e l a t i o n and m i r r o r - i m a g e 
e f f e c t i n t e rms o f c l o u d c h a r g i n g and m e l t i n g e l e c t r i f i c a t i o n 
i s adequa te , w i t h t h e main p r o b l e m b e i n g t h e o r i g i n o f t h e t i m e 
l a g s i n t he m i r r o r - i m a g e e f f e c t . F u r t h e r i n v e s t i g a t i o n i s 
c l e a r l y needed t o f i n d i f t h e w i n d shear e x p l a n a t i o n can indeed 
e x p l a i n t h e b e h a v i o u r o f r a i n , and t o f i n d an e x p l a n a t i o n f o r 
t h e b e h a v i o u r o f snow. I n t h e l a t t e r case , t h e o r i g i n o f t h e 
p r e c i p i t a t i o n charge i s s t i l l u n c e r t a i n , p a r t l y because o f t h e 
d i f f i c u l t y o f e x p l a i n i n g why t h e v a r i a t i o n s i n p r e c i p i t a t i o n 
c u r r e n t l e a d t hose o f p o t e n t i a l g r a d i e n t . 
S imu l t aneous a e r o l o g i c a l - and e l e c t r i c a l measurements a t 
t h e same s i t e w o u l d be h e l p f u l i n i n v e s t i g a t i n g n o t o n l y t h e 
e f f e c t o f w ind shear on the- t i m e l a g s i n t h e m i r r o r - i m a g e 
e f f e c t , b u t a l s o t he c o n n e c t i o n between t h e degrees o f a tmos-
p h e r i c s t a b i l i t y and e l e c t r i c a l a c t i v i t y . Such measurements may 
a l s o be u s e f u l i n d e t e f m i n g w h e t h e r on some o c c a s i o n s t h e e l e c t -
r i c a l b e h a v i o u r o f c u i e t p r e c i p i t a t i o n i s due t o s l o w - m o v i n g 
c l o u d s where the e f f e c t s o f e l e c t r i c a l deve lopment a re b e i n g 
seen a t t h e g r o u n d . 
A n e t w o r k o f measu r ing s t a t i o n s r e c o r d i n g p o t e n t i a l g r a d i e n t 
and p r e c i p i t a t i o n c u r r e n t c o u l d be u s e f u l i n d e c i d i n g whether 
t h e e l e c t r i c a l v a r i a t i o n s a t the ground are due t o t h e passage 
of r e g i o n s o f c l o u d w i t h s l i g h t l y d i f f e r e n t degrees o f . e l e c t r i c 
a c t i v i t y , o r t o widespread development of a c t i v i t y w i t h i n t h e 
c l o u d . Some a t t e m p t s a t such measurements, n o t a b l y by 
STRINGFELL07J (1969) and OWOLABI and CHALMERS ( 1 9 6 5 ) . have been 
e n c o u r a g i n g , b u t no s y s t e m a t i c s t u d y has been made. Such a 
study would be u s e f u l i n c o n f i r m i n g t h e e x t e n t t o w h i c h Chalmer 
ideas as t o t h e o r i g i n of t h e e l e c t r i c a l b e h a v i o u r o f q u i e t 
p r e c i p i t a t i o n are c o r r e c t . 
P r e v i o u s l y t h e m e t e o r o l o g i c a l and e l e c t r i c a l a s p e c t s ' o f 
p r e c i p i t a t i o n have o f t e n been t r e a t e d as l a r g e l y independent 
e f f e c t s : many o f t h e c o n c l u s i o n s of t h i s work have shown t h i s 
n o t t o be t r u e and i t i s t o be hoped t h a t f u t u r e work w i l l 
e s t a b l i s h f u l l y the r o l e t h a t e l e c t r i c a l c h a r g i n g p l a y s i n t h e 
p h y s i c a l processes o f -the atmosphere. 
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